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This study evaluates energy performance and economic analysis of variable refrigerant
flow (VRF) systems in U.S. climate locations using widely-accepted whole building energy
modeling software, EnergyPlus. VRF systems are known for their high energy performance
and thus can improve energy efficiency in buildings. To evaluate the energy performance
of a VRF system, energy simulation modeling and calibration of a VRF heat pump (HP)
type system is performed using the EnergyPlus program based on measured data collected
from an experimental facility at Oak Ridge National Laboratory (ORNL). In the calibration
procedures, the energy simulation model is calibrated, according to the ASHRAE
Guideline 14-2014, under cooling and heating seasons. After a proper calibration of the
simulation model, the VRF HP system is placed in U.S. climate locations to evaluate the
performance variations in different weather conditions. An office prototype building
model, developed by the U.S. Department of Energy (DOE), is used with the VRF HP
system in this study. This study also considers net-zero energy building (NZEB) design of
VRF systems with a distributed photovoltaic (PV) system. The NZEB concept has been
considered as one of the remedies to reduce electric energy usages and achieve high energy

efficiency in buildings. Both the VRF HP and VRF heat recovery (HR) system types are
considered in the NZEB design, and a solar PV system is utilized to enable NZEB balances
in U.S. climate locations by assuming that net-metering available within the electrical gridlevel. In addition, this study conducts life cycle cost analysis (LCCA) of NZEBs with VRF
HP and HR systems. LCCA provides present values at a given study period, discounted
payback period, and net-savings between VRF HP and HR systems in U.S. climate
locations. Preliminary results indicate that the simulated VRF HP system can reasonably
predict the energy performance of the actual VRF HP system and reduce between 15-45%
for HVAC site energy uses when compared to a VAV system in U.S. climate locations.
The VRF HR system can be used to lower building energy demand and thus achieve NZEB
performance effectively in some hot and mild U.S. climate locations.

Key words: variable refrigerant flow, building simulation, calibration, net-zero energy
building, distributed photovoltaic system, life-cycle cost analysis, U.S. climate zone
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CHAPTER I
INTRODUCTION
1.1

Background
The building sector accounts for almost 40% of the primary energy and consumes

approximately 74% of the electricity in the United States [1][2]. In 2018, the U.S. Energy
Information Administration (EIA) estimates that electricity use in the commercial
building sector is expected to increase 16% by 2050 [3]. The electricity consumption will
continue to grow in the building sector until buildings can be efficiently designed to
minimize electrical energy usages and produce on-site energy to offset the building’s
growing energy demand [4][5]. The U.S. EIA also points out that electricity intensity
(i.e., the amount of electricity consumed per square foot of commercial floor space) is
expected to decrease from 2018 through 2050, primarily due to advances in high energy
efficiency applications for buildings [3]. The energy consumption used for heating,
ventilation and air conditioning (HVAC) systems represents approximately 50% of the
total energy usage of the building sectors [2]. Accordingly, the improvement of HVAC
performance efficiency can be considered as one of essential parts to reduce the energy
consumption in HVAC equipment in buildings. Variable refrigerant flow (VRF) systems
are a well-developed and widely adapted HVAC technology in many Asian and European
countries and provide several key benefits, including: energy efficiency, ease of
installation, design flexibility, and easy maintenance [6][7]. As a relatively new HVAC
1

technology in the U.S., VRF systems have been gaining more attention in comparison to
conventional HVAC systems, e.g. constant air volume (CAV) and variable air volume
(VAV) systems [8]. In addition, it has been recognized by building engineers and
designers that VRF systems are one of the latest emerging HVAC technologies for high
efficiency building applications, and they are obtaining a fast-growing market share in
North America [9]. According to HVAC market intelligence conducted by the wide team
of researchers at the building services research & information association (BSRIA), the
VRF market is becoming more mature with growth rate about 20% in U.S. as shown in
Figure 1.1. A global VRF market is also expected to grow at a compound annual growth
rate (CAGR) of 12.43% between 2017 and 2023 [10].

Figure 1.1

VRF market growth in U.S.
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For renewable energy resources in buildings, annual commercial photovoltaic
(PV) capacity will gradually increase by an average of 5% from 2018 through 2050 due
to declining PV installation costs and stable retail electricity rates in coming decades [3].
With the improvement of energy efficiency and the growing adoption of renewable
energy resources, the concept of net-zero energy buildings (NZEBs) have been
considered as a realistic solution for the reduction of energy consumption and energy
efficiency in the building sector [11]. In addition, moving toward NZEBs includes many
long-term advantages, such as lower environmental impacts, lower operating and
maintenance costs, and improved energy reliability [12]. To support the idea of NZEBs,
policymakers have announced NZEB goals as a vital strategy [13]. For example, the
Energy Independence and Security Act of 2007 (EISA 2007) authorizes the net-zero
energy commercial building initiative for all new commercial buildings by 2030. It
further specifies a net- zero target for 50% of the U.S. commercial buildings by 2040 and
net-zero for all the U.S. commercial buildings by 2050 [14]. The American Society of
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) also set a goal of
market-viable NZEBs by 2030 [15]. In addition, Executive Order (EO) 13514, titled
“Federal Leadership in Environmental, Energy, and Economic Performance,” includes at
the beginning in 2020 and thereafter, all new Federal buildings in the planning process
must be designed to reach NZEB goals by 2030. In response to energy efficiency trends
and regulatory mandates by governments in buildings, many zero energy building
projects have been verified and emerging across the North America. Figure 1.2 shows
numbers of zero energy buildings in North America in 2018 and that of zero energy
buildings in climate zones across the U.S. [16].
3

Figure 1.2

Number of zero energy buildings in North America in 2018: (a) number of
zero energy building in 2018 and (b) in climate zones in U.S. [16]

Although moving toward NZEB goals has technically feasible long-term
advantages, economic issues are still one of primarily concerns by building owners and
designers for the application of advanced building technologies (e.g., high energyefficient systems and renewable energy systems) in NZEB design of their retrofit or new
building construction. In general, those technologies tend to introduce increased
investment costs, and various cost aspects can be recognized when advanced technologies
are applied for enabling NZEBs. However, the lack of life cycle cost (LCC) data has still
hindered reliable understanding of adopting NZEB design by building owners in a costeffective manner. As the current literature review highlights the cost-effectiveness
potential, the economic feasibility of NZEBs needs to be explored sufficiently for
effective NZEB design under various economic circumstances [11][17].

4

1.2

Research Objectives
In response to the feasibility and potential for energy reductions in the building

sector addressed in the background section, the objective of this dissertation is to evaluate
energy savings potential of high energy-efficient HVAC technologies (i.e., VRF systems)
and enable NZEB design with VRF systems and a renewable energy system (i.e., solar
PV system) in a cost-effective manner. To fulfill the objective, the following topics for
each chapter has been addressed in this dissertation:


Chapter II focuses on VRF model calibration based on data collected from
an experimental facility developed by Oak Ridge National Laboratory
(ORNL) using the whole building energy modeling tool, DOE’s
EnergyPlus.



Chapter III evaluates the energy savings potential of a VRF heat pump
(HP) type system compared to a rooftop unit with variable air volume
(RTU-VAV) system in U.S. climate zones.



Chapter IV investigates energy performance of NZEB design with two
types of VRF systems (i.e., VRF HP and HR systems) and a grid-tied solar
photovoltaic (PV) system in U.S. climate zones.



Chapter V conducts life-cycle cost analysis (LCCA) of the NZEBs to
assess the long-term cost effectiveness on the national scale using the
Federal Energy Management Program’s (FEMP) approach of the U.S.
DOE.

5

1.3
1.3.1

Literature Review
Building Energy Modeling and Calibration
Modeling of VRF systems has been performed by many researchers in terms of

modeling techniques and approaches. Li et al. [18] developed a VRF simulation module
for water-cooled VRF in EnergyPlus. They compared their simulated results with
measured data from an actual building in China [19], and they showed the mean of the
absolute value of the daily error between the simulated and measured results is 11.3% for
cooling capacity while the error for compressor power is 15.7% in the 9 days. Shen. et al
[20] developed a detailed steady-state multi-split VRF model using TRNSYS. Their
simulated results showed good agreement in both cooling and heating EERs of multiple
units in comparison with measured data, obtained from product literature. Raustad [21]
introduced a VRF HP simulation model in EnergyPlus, which was an empirical equation
fit model based on manufacturers’ performance data. Based on a VRF HP simulation
model in the reference [21], Sharma and Raustad [22] validated against field data
measured at an multi-zone building. It was found that about 72% of all the simulated
energy use fall within 25% of the measured data, and a coefficient of variation of the root
mean square error, CV (RMSE), was about 21% between measured and simulated total
energy use. Hong et al. [23] developed a new physics based VRF simulation module in
EnergyPlus version 8.4. With their comparison between measured and simulated results,
normalized mean bias errors (NMBEs) were 2.8% and 4.5% for cooling and heating
operations. They also mentioned that a new VRF model offered the benefits of enabling
advanced controls and improving accurate energy prediction for VRF systems.

6

The calibration of building energy models with measured data is essential to
accurately predict energy savings potential because of the considerable uncertainty
involved with various input parameters used in such building energy modeling [24][25].
Clarke et al. [26] first classified a calibration approach into several ways (i.e., manual,
iterative, and pragmatic intervention) according to the selection and justification of the
interventions. Based on this classification, Reddy [25] gives a good review of calibration
approaches to building energy modeling: (1) calibration based on manual, iterative, and
pragmatic intervention, (2) calibration based on a suite of informative graphical
comparative displays, (3) calibration based on special tests and analytical procedures, and
(4) analytical/mathematical methods of calibration. Then, these classifications were
further extended by Coakely et al. [27], and current calibration approaches can be more
broadly assorted with manual and automated. Manual approaches basically depend on
iterative pragmatic intervention by tuning refining input parameters in a heuristic manner
based on the experience and expertise of the modeler. In contrast with manual
calibrations, automated approaches are based on mathematical and statistical techniques
(i.e., not modeler driven) to minimize errors by input parameters and calibrate building
energy modeling.
Numerous studies have shown building model calibration within many building
related applications using manual and automated approaches
[28][29][24][30][31][32][33][34]. Raftery et al. [28] used a systematic and evidencebased methodology in manual approaches to calibrate the whole building energy
modeling. They turned out that this approach improved the reliability and accuracy of the
calibration process with the final model by keeping a history of the decisions and
7

reducing the likelihood of analysts tuning input parameters. Sun et al. [34] introduced a
new automated model calibration approach using graphical pattern identification by logic
linking parameter. Based on their results, although there are still some limitations to this
approach, the pattern-based automated calibration methodology can be useful to remove
any need for manual input or long computation time compared to traditional calibration
process. For VRF systems in buildings, a detailed calibration and its methods specifically
for the whole buildings have been rarely studied in literature. Shen and Rice [35]
developed a VRF system model that consists of five indoor units and one outdoor unit
and manually calibrated their model against a manufacturer’s product literature. Yun and
Song [36] introduced a new automatic calibration method for a VRF system to accurately
predict building energy consumption.
1.3.2

High Energy-Efficient HVAC Systems
As a VRF system is a still new HVAC technology in the U.S. marketplace, a

number of recent studies have attempted to evaluate the energy performance of VRF
systems and to identify the benefits of them. Most studies include field or laboratory
empirical tests as well as simulation modeling analysis of the system performance or
VRF control strategies [37]. Aynur [38] provides a good overview of VRF systems.
Based on this detailed review, VRF systems serve high energy savings potential and
better indoor thermal comfort when compared to traditional HVAC systems, such as
variable air volume (VAV) and fan coil unit (FCU) systems, due to the operation in the
individual control mode.
In terms of energy savings potential of VRF systems, Im and Munk [39] evaluated
the energy performance of a multi-split VRF system in comparison to a typical RTU8

VAV system installed in the Oak Ridge National Laboratory’s Flexible Research
Platform (FRP). Their empirical analysis showed energy savings of a VRF system were
estimated to be around 20% over a RTU-VAV system during cooling period. Kim et al.
[40] compared VRF systems with RTU-VAV systems to evaluate energy savings
potential of VRF systems for 16 different climates in the U.S. Simulation results from
their comparable study pointed out that VRF systems could save about 15%-42% and
18%-33% for HVAC site and source energy, respectively. Zhou et al. [41] developed a
VRF model in EnergyPlus and conducted a comparative study with VAV and FCU
systems and showed a VRF system could lower about 11% and 22% HVAC energy
consumption, as compared to FCU and VAV systems, respectively. Yu et al. [42]
surveyed and measured field data to investigate and compare cooling energy
consumption between VAV and VRF systems in typical office buildings in China. Aynur
et al. [43] analyzed a comparative study between VRF and VAV systems and evaluated
the energy savings potential of VRF systems. Their simulation results showed that VRF
systems could consume about 38%-83% less energy usage for cooling season. Based on
those comparison studies, it is indicated that VRF systems could offer significant
reduction in building energy usage depending on climate, system control, and its
operation mode.
As advanced controls offer a variety of operational benefits for energy savings
and indoor thermal comfort in buildings [7], many recent studies have developed
enhanced control strategies and energy modeling methods of VRF systems that
individually operate cooling and heating for each zone [44][45][46][47][48]. Meng et al.
[44] experimentally investigated the cooling performance of a multi-split VRF system by
9

employing two different heat exchangers with various part load ratios (PLRs). From their
experimental results, it was obtained that a VRF system with the microchannel heat
exchanger could provide better thermal comfort to occupants in heating season. Tu et al.
[49] developed the control strategy of a VRF system with multi-compressors to ensure
stable and reliable operation and high energy efficiency. Choi and Kim [45] evaluated the
performance of an inverter-driven multi-air conditioner that consists of multi-indoor units
with a compressor operated by an inverter diver with electronic expansion valves (EEVs)
under different indoor loads, EEV openings, and compressor speeds. With their
experimental results, it was suggested that the superheat points had to be controlled
within the optimum value, and compressor speed needed to be adjusted to appropriately
modulate the cooling capacities for each indoor unit.
1.3.3

Net-Zero Energy Buildings
In general, there are two design strategies to reach zero energy goals in buildings:

(1) encouraging high energy-efficient measures, and (2) adopting proper renewable
energy and/or other technologies to offset all the remaining energy [11][17]. there have
been numerous studies to demonstrate effective NZEB design as an appropriate
renewable energy system for existing and/or new buildings [50]. Li [51] developed a
flexible empirical framework that can be used for policymakers to improve energy
efficiency and reduce emissions from residential buildings. Thomas et al. [52] developed
an innovative approach to test the energy efficiency of NZEB oriented energy efficiency
measures over the entire life cycle of a building. The approach provided the users with
the ability to reliably estimate the energy needs in office buildings for the remaining life
cycle, thereby determining the necessary capacity of renewable energy measures required
10

for NZEB performance in U.S. climates. AlAjmi et al. [53] demonstrated the possibility
of converting a public building from inefficient energy consumer into a NZEB through an
energy-efficient cooling system and integration of a PV system. Zhou et al. [54]
investigated the operational performance of NZEBs by comparing simulated results to
measured energy values from an actual office building in China. Results from the study
revealed that detailed and accurate information of building operation and weather data
was required at the early design stage to achieve anticipated NZEB goals. Eley [55]
explored the feasibility of NZEB goals for a range of building types and U.S. climate
zones by considering minimized EUIs and annual renewable energy generation.
1.3.4

Economic Analysis of Building Technologies
Even through NZEBs have many long-term advantages to help alleviate energy

and environmental issues in the coming decades, there are still required research and
development works to be explored for effective NZEB design [11][17]. Primary factors
include life cycle cost analysis (LCCA), environmental impacts, and the building-grid
interaction on the existing power infrastructure. Parallel to these issues, Seljom et al. [56]
conducted a study on the impact of an extensive implementation of NZEBs in the
Scandinavian energy system by 2050. In their conclusions, increased NZEBs could affect
the net-electricity export to the electrical grid and thus cost investment decisions in the
grid-tied energy systems. Kim et al. [57] examined potential aggregate impacts of NZEB
implementations on U.S. electrical grid in hourly simulation-based analysis. From the
study, it should be noted that high implementations of NZEBs across U.S. regions could
potentially have significant changes on the electric load on the grid and on the use of
conventional generators. In terms of life cycle assessment of NZEBs, Harkouss et al. [58]
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presented a methodology for the simulation-based multi-criteria optimization of NZEBs.
The methodology was applied to evaluate the cost-effectiveness potential for optimizing
the design of NZEBs in terms of minimizing thermal, electrical demands, and life cycle
cost (LCC). Wu et al. [59] evaluated the energy performance and initial costs of various
commercially-available HVAC technologies (e.g., ventilation and heat pump options) and
a solar PV system for a residential NZEB in U.S. climate zones. When energy-efficient
HVAC systems were used for NZEB design with larger PV arrays, the lowest cost could
be achieved in their case study. Hernandez [60] introduced life cycle zero energy
buildings and the net energy ratio to aid in building design with a life cycle perspective.
Dwaikat [61] investigated the way to identify major variables and conduct LCCA of a
green building that extends for 60 years. It was found that reduced energy consumption in
the green building is the most influential factor to reduce its total LCC. Huang et al. [62]
also proposed a life-cycle performance analysis method for evaluating the impact of
degradation on the longitudinal performance of NZEBs. Their method could help
improve a decision-making process for the renewable energy and the energy storage
system sizing for NZEBs. Dowds [63] conducted LCCA of residential NZEB design in
various locations throughout the United Kingdom (U.K.). As the current literature review
highlights the cost-effectiveness potential, the economic feasibility of NZEBs needs to be
explored sufficiently for effective NZEB design under various circumstances.
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CHAPTER II
MODEL CALIBRATION OF VARIABLE REFRIGERANT FLOW (VRF) SYSTEM
With increased use of variable refrigerant flow (VRF) systems in the U.S.
building sector, interests in capability and rationality of various building energy modeling
tools to simulate VRF systems are rising. This chapter presents the detailed procedures
for model calibration of a VRF HP system with a dedicated outdoor air system (DOAS)
by comparing to detailed measured data from an occupancy emulated small office
building. The building energy model is first developed based on as-built drawings, and
building and system characteristics available. The whole building energy modeling tool
used for the study is U.S. DOE’s EnergyPlus version 8.1. The initial model is, then,
calibrated with the hourly measured data from the target building and VRF-DOAS
system. In a detailed calibration procedures of the VRF-DOAS, the original EnergyPlus
source code is modified to enable the modeling of the specific VRF-DOAS installed in
the building. After a proper calibration during cooling and heating seasons, the VRFDOAS model can reasonably predict the performance of the actual VRF-DOAS system
based on the criteria from ASHRAE Guideline 14-2014.
2.1
2.1.1

Building Energy Simulation Modeling
Whole-Building Energy Modeling Software, EenergyPlus
DOE’s flagship building energy modeling software, EnergyPlus version 8.1, is

used for the energy simulation modeling in this simulation-based study. EnergyPlus has
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three basic components: a simulation manager, a heat and mass balance simulation
module, and a building systems simulation module, inherited from the most popular
features and capabilities of BLAST and DOE-2 [64]. Figure 2.1 depicts EnergyPlus
internal elements of each module that can be used to evaluate energy performance for
building applications [65].

Figure 2.1

EnergyPlus internal elements [65]

The full coupling of building geometric envelopes and HVAC systems provides a
better understanding of how a building responds not only to the impact of building
thermal behaviors but also to the HVAC system as it attempts to meet the thermal loads
on the building [65]. Zone heating and cooling loads can be calculated by the heat
balance method, which is recommend by American Society of Heating, Refrigerating,
and Air Conditioning Engineers (ASHRAE) [66], and then passed to the building HVAC
system modules at the same time step to calculate heating and cooling system, plant, and
electrical system response. EnergyPlus has been extensively validated through analytical,
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comparative, and empirical tests through ASHRAE 14-2002 guidelines [67], and the
HVAC simulation results of EnergyPlus have shown good agreement with the following
well-known simulation tools: DOE-2.1E, TRANSYS, and ESP-r [68]. In addition, the
detailed contents in terms of testing and validating the current EnergyPlus version
components have been presented in previous studies [69].

2.1.2

Zone and Air System Control in Buildings
The formulation of the zone load calculation starts with a heat and energy balance

on the zone air [70]. The need for heating or cooling in the zones is based on zone
temperature. In real buildings the air control system typically consists of one sensing unit
in the conditioned zone, such as a wall thermostat that sends signals to a control unit of
the air system. The controller looks at the difference between the actual zone temperature
and the desired temperature to ascertain if heating or cooling is required and then send
appropriate signals to the air system components to drive the zone temperature closer to
the desired temperature value. The sum of zone loads and air system output equals the
change in energy stored in the zone. By considering thermal and mechanical energy
transport across the control surfaces within the zone, the zone load can be written as

𝑁𝑠𝑙

𝑄̇𝑍𝑜𝑛𝑒 𝑙𝑜𝑎𝑑 = ∑ 𝑄̇𝑖 +
𝑖=1

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒

∑

𝑁𝑧𝑜𝑛𝑒𝑠

ℎ𝑖 𝐴𝑖 (𝑇𝑠𝑖 − 𝑇𝑧 ) + ∑ 𝑚̇𝑖 𝐶𝑝 (𝑇𝑧𝑖 − 𝑇𝑧 ) + 𝑚̇𝑖𝑛𝑓 𝐶𝑝 (𝑇∞ − 𝑇𝑧 )

𝑖=1

𝑖=1

(2.1)
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𝑠𝑙
̇
Where ∑𝑁
𝑖=1 𝑄𝑖 is sum of the convective internal loads such as occupancy and

𝑁

𝑠𝑢𝑟𝑓𝑎𝑐𝑒
mechanical equipment, ∑𝑖=1
ℎ𝑖 𝐴𝑖 (𝑇𝑠𝑖 − 𝑇𝑧 ) is convective heat transfer from the zone

𝑁

𝑧𝑜𝑛𝑒𝑠
surfaces, ∑𝑖=1
𝑚̇𝑖 𝐶𝑝 (𝑇𝑧𝑖 − 𝑇𝑧 ) is heat transfer due to inter-zone air mixing, and

𝑚̇𝑖𝑛𝑓 𝐶𝑝 (𝑇∞ − 𝑇𝑧 ) heat transfer due to infiltration of outside air.

Zone temperature, 𝑇𝑧 , is the desired zone temperature as defined by the control
system set-points that must be specified for each zone [70]. An assumption is made that if
the air system has sufficient capacity (based on the desired zone air temperature) to meet
the zone conditioning requirements at the desired zone air temperature then those
requirements will be met as Eq. (2.2):

𝑄̇𝑠𝑦𝑠 = 𝑄̇𝑍𝑜𝑛𝑒 𝑙𝑜𝑎𝑑

(2.2)

Air systems provide hot or cold air to the zones to meet heating or cooling loads.
The system energy provided to the zone, 𝑄̇𝑠𝑦𝑠 , can thus be formulated from the difference
between the supply air enthalpy and the enthalpy of the air leaving the zone [70].
Assuming the specific heat is a constant, which depends only on temperature, the amount
of heating or cooling provided by the air system in relation to the desired zone air
temperature can be expressed as

𝑄̇𝑠𝑦𝑠 = 𝑚̇𝑠𝑦𝑠 𝐶𝑝 𝜂(𝑇𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑇𝑧𝑜𝑛𝑒,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 )
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(2.3)

Where 𝜂 is the fraction of the time step that the air system is turned on and varies
between 0 and 1. The supply air temperature is also implicitly limited by the
effectiveness of the coils and the operating parameters of the central plant components.
When we assume that the zone supply air mass flow rate, 𝑚̇𝑠𝑦𝑠 , is exactly equal to the
sum of the air flow rates leaving the zone through the system return air plenum and being
exhausted directly from the zone, the fraction can be 1. 𝐶𝑝 is a constant value for the
specific heat of dry air throughout an air handling unit.

Figure 2.2

A simplified schematic of a single zone draw through air system

Figure 2.2 [70] depicts a simplified single zone draw through air system.
Typically a cooling and heating coils are located in series and can be connected to
primary HVAC equipment such as an evaporative-cooled direct expansion (DX) air
conditioner and a gas furnace or a chiller and a boiler for cooling and heating,
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respectively. The way to regulate net air system output and keep the zone air temperature
within the range of desired temperature is to turn the air system on and off. The air
system also considers an outdoor air condition by mixing air from a recirculated air
stream with air from an outdoor air stream to obtain the mixed air stream. Based on the
mixed air condition, the air system provides a supply air temperature that will meet the
zone load and satisfy the zone thermostat demand.

2.1.3

System Curve Based VRF Modeling
A variable refrigerant flow (VRF) system is an air-conditioning system that

distributes variable refrigerant flow rates to each indoor unit placed in individual
conditioned spaces to meet variable cooling or/and heating load requirements in buildings
[38]. A VRF system uses the electronic expansion valves (EEVs) located in each indoor
unit and variable speed compressor(s) in the outdoor unit to control the refrigerant mass
flow rate according to the indoor cooling and/or heating load. Multiple indoor units can
be connected to one single outdoor unit in parallel with the refrigerant pipes. A typical
VRF system has four indoor units connected to one outdoor unit, but the ability to control
the refrigerant mass flow rate enables the use of many indoor (e.g., six (6) to twenty (20)
indoor units) units in conjunction with one single outdoor unit according to system
capacities [6]. This feature allows VRF systems to have individualized comfort control,
simultaneous heating and cooling, and heat recovery operation from one zone to another
in a more efficient manner. There are two general types of VRF systems: heat pump (HP)
and heat recovery (HR) systems. A VRF HP system only provide either heating or
cooling modes in the indoor units during the same operation, while a VRF HR system is
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capable of operating simultaneously in heating and/or cooling modes. In this chapter, the
VRF HP system is used, and the VRF HP models in EnergyPlus have been developed and
improved from version 7.2 through 8.4 for the simulation accuracy and the ability to
consider the dynamics of more operational parameters [71][23]. Current EnergyPlus
provides two different VRF models to simulate the energy performance of the VRF HP
systems: the System Curve based Model (VRF-SysCurve), updated at EnergyPlus 7.2,
and the Physics based Model (VRF-FluidTCtrl), which was updated at EnergyPlus
version 8.4 [72]. In this chapter, the VRF-SysCurve VRF HP model is used for model
calibration, which can be calculated based on empirical performance curves and user
specified coefficient of performance (COP) data found in manufacturers’ literature.
The total electric power consumed by the VRF HP condenser in a cooling mode
and a heating mode can be written as Eqs (2.3) and (2.4) [70]:

𝑄̇𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝐴𝑃𝐹𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝐸𝑉𝑅𝐹 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 = (

𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

) (𝐸𝐼𝑅𝐹𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 )(𝐸𝐼𝑅𝐹𝑃𝐿𝑅𝑐𝑜𝑜𝑙𝑖𝑛𝑔 )(𝐻𝑃𝑅𝑇𝐹)
(2.4)

𝐸𝑉𝑅𝐹 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = (

𝑄̇𝑡𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝐶𝐴𝑃𝐹𝑇ℎ𝑒𝑎𝑡𝑖𝑛𝑔
𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

) (𝐸𝐼𝑅𝐹𝑇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 )(𝐸𝐼𝑅𝐹𝑃𝐿𝑅ℎ𝑒𝑎𝑡𝑖𝑛𝑔 )(𝐻𝑃𝑅𝑇𝐹)
(2.5)

Where 𝑄̇𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 and 𝑄̇𝑡𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 are total cooling and heating rates of a
VRF HP outdoor unit, respectively. The total cooing and heating rates are determined
based on total indoor cooling and heating requirements and the cooling and heating
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combination ratio correction factors. The combination ratio correction factor is applied to
cooling and heating performance calculations. 𝐶𝐴𝑃𝐹𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 and 𝐶𝐴𝑃𝐹𝑇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 are
cooling and heating capacity ratio modifier function of temperatures. The operating
capacity of the VRF HP in cooing and heating modes are calculated using a bi-quadratic
equation using a load-weighted average indoor we-bulb temperature and outdoor drybulb temperature as the independent variables. 𝐸𝐼𝑅𝐹𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 and 𝐸𝐼𝑅𝐹𝑇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 are
cooling and heating energy input ratio modifier function of temperatures, respectively.
𝐸𝐼𝑅𝐹𝑃𝐿𝑅𝑐𝑜𝑜𝑙𝑖𝑛𝑔 and 𝐸𝐼𝑅𝐹𝑃𝐿𝑅ℎ𝑒𝑎𝑡𝑖𝑛𝑔 indicate energy input ratio (EIR) modifier
function of part-load ratio in cooling and heating modes, respectively. The energy input
ratio calculation is based on two EIR curves. One is used when the VRF HP part-load
ratio is less than or equal to 1, and a second curve is used to describe the variation of
cooling and heating energy input ratio when the part-load ratio is greater than 1. The term
of 𝐻𝑃𝑅𝑇𝐹 is VRF HP runtime fraction, which is defined as cycling ratio divided by
cycling ratio fraction (i.e., part-load fraction correlation). All the empirical performance
curves (i.e., 𝐶𝐴𝑃𝐹𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔/ℎ𝑒𝑎𝑡𝑖𝑛𝑔 , 𝐸𝐼𝑅𝐹𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑎𝑛𝑑 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 , 𝐸𝐼𝑅𝐹𝑃𝐿𝑅𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑎𝑛𝑑 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 ,
and 𝐻𝑃𝑅𝑇𝐹) are obtained from manufacturer’s data [70]. Note that initial specified COP
values used in an early modeling stage are taken from manufacturer’s data, but those
COP values are updated based on measured data from an actual test facility during
calibration procedure in this chapter.
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2.2

Target Building Description

2.2.1

Test Facility: Two-Story Flexible Research Platform
The two story flexible research platform (FRP) facility is a two-story, 3,200 ft2

(297.3 m2) multi-zone building. The FRP is an occupancy emulated research building that
represents a typical existing low-rise, a small office building common in the U.S. (Figure
2.3 (a)). For this calibration part, since human interference is one of the main factors for
uncertainty in building energy use, the occupancy in the FRP is emulated so that such
uncertainty in calibration process is attributable only to system performance and weather.

Table 2.1

Building characteristics of two-story flexible research platform (FRP)

Location
Building size
Exterior walls

Oak Ridge, Tennessee, USA
Two-story, 12.212.2 m (4040 ft), 4.3 m (14 ft) floor-tofloor height
Concrete masonry units with face brick, RUS-11 (RSI-1.9)
fiberglass insulation

Floor

Slab-on-grade

Roof

Metal deck with RUS –18(RSI –3.17) polyisocyanurate
insulation

Windows

Double-pane clear glazing, 28% window-to-wall ratio

Baseloads

9.18W/m² (0.85 W/ft²) lighting power density, 14.04W/ m²
(1.3 W/ft²) equipment power density

VRF system capacity

42 kW (12 ton) VRF system with a DOAS

VRF refrigerant pipe

Fareast equivalent length: 31.0 m (101.7 ft), the highest
height: 8.6 m (28.2 ft)

To emulate a fixed occupancy, lighting and other internal loads are controlled
with preprogrammed portable heaters for sensible heat gains and humidifiers for latent
heat gains. On this building, detailed building activities such as building envelope
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retrofits, addition of alternative building components, and any HVAC system changes are
logged and carried out. The building system’s performance, such as electric energy
consumption and temperature, is also closely monitored. The collected data is used to
model and calibrate the VRF-DOAS simulation model. The VRF system installed in the
FRP is a 12-ton (42 kW) heat pump type system with a DOAS and contains two scroll
compressors charged with R-410a. Table 2.1 summarizes the FRP and the VRF system
characteristics [37].

Figure 2.3

A test facility: (a) two-story flexible research platform (FRP), (b) VRF
outdoor unit, (c) DOAS unit, and (d) VRF indoor unit
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2.2.2

Dedicated Weather Station
A dedicated weather station is installed on the roof as shown in Figure 2.4 to

collect measured weather data such as direct and diffuse sunlight and outdoor air
temperature. The hourly data gathered from the weather station is used to pack a weather
file (i.e., EnergyPlus typical meteorological year version 3 (TMY3) weather file; *.epw)
that can be used in the modeling and the calibration procedures. Figure 2.4 (a) through
(d) show each measurement: including (a) direct and diffuse sunlight, (b) horizontal
irradiation, (c) wind speed and direction, and (d) outdoor air temperature and humidity
measurement. Hourly time-series collected data is replaced in each measurement column
of the TMY3 weather file.

Figure 2.4

2.2.3

A dedicated weather station installed on the roof of the test facility

Variable Refrigerant Flow with a Dedicated Outdoor Air System
The VRF system installed at FRP has an outdoor unit, one DOAS unit, and ten

indoor units with capacities ranging from 1.8 to 5.3 kW (0.5–1.5 tons) as shown in Figure
2.3. The system capacity of the corresponding indoor and outdoor units was chosen based
on the load calculations from Manual N [73]. Figure 2.5 illustrates a 3D perspective view
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of the two-story flexible research platform (FRP) EnergyPlus model, and the VRF-DOAS
system is installed to this model as seen in Figure 2.6. The ten indoor units and the
DOAS are connected to the same VRF outdoor condensing unit, and the DOAS provides
conditioned OA to ten thermal zones. In addition, the OA requirement for the FRP
building was estimated according to the ASHRAE Standard 62.1-2013 [74]. Note that the
VRF system in this chapter can only provide cooling or heating at a single time and
cannot provide simultaneous heating and cooling for different thermal zones.

Figure 2.5

A 3D view of the two-story flexible research platform (FRP) EnergyPlus
model
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Figure 2.6

The VRF-DOAS schematic installed in FRP

During the test period (i.e., July 11, 2015 through March 6, 2016), there were
several other tests ongoing with different types of HVAC systems at the FRP. Therefore,
only the days when the VRF system fully conditioned the FRP were selected for the
model calibration. Those are 6 days during August 15, 2015 through September 20, 2015
for cooling season, and 19 days during October 10, 2015 through February 19, 2016 for
heating season. The measured data for the VRF system includes:


Continuous inlet/outlet air flow, temperature, humidity measurement for
each indoor unit of VRF system,



One-time airflow measurements for each indoor unit of VRF system,
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Continuous inlet/outlet air flow, temperature, humidity measurement for
the DOAS,



and power consumption for the VRF outdoor unit, each VRF indoor unit,
and the DOAS.

Note that airflow for each indoor unit was measured only once because VRF
indoor units were operated at fixed volumetric flow rates during the test period.

2.3

Calibration Approaches
Recent calibration approaches of building energy modeling require the use of

hourly or monthly data for a certain period of time in order to improve the accuracy of
building dynamics (in terms of diurnal scheduling and HVAC equipment control)
[25][30]. ASHRAE Guideline 14-2014 [75] summarizes the methodology and several
calibration steps to effectively calibrate and estimate the building energy savings
associated with measured data. Based on this guideline and literature reviews, an
evidence-based methodology in manual approaches is adopted to properly model and
calibrate the VRF-DOAS system installed at the FRP [28].
The following steps are performed in this chapter: (1) modification of the existing
EnergyPlus v8.1 source code to enable modeling of the physical settings of the VRFDOAS described in the previous section, (2) after modeling the building envelope and
HVAC system, calibration of building envelope model and internal heat gain inputs to
ensure that the simulated delivered cooling and heating loads are comparable with the
measured data and (3) calibration of VRF-DOAS model for the total building energy
consumption based on the definition from ASHRAE Guideline 14-2014.
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2.3.1

EnergyPlus Source Code Modification
EnergyPlus 8.1 allows for performance curve based quasi-steady state simulation

of VRF systems. The EnergyPlus 8.1 source code is modified to model the current VRFDOAS setting in the FRP; particularly the usage of VRF heating and cooling coils to
condition OA in the DOAS described in the previous section. The original version 8.1 of
EnergyPlus uses an OA mixer object or air-loop DOASs with separated HVAC coils,
such as a single or two speed DX coil for a VRF model with a DOAS [70][76].
Therefore, the EnergyPlus 8.1 source code is modified to allow for OA to be provided
through an air-loop DOAS directly to individual zones while being conditioned with VRF
heating and cooling coils connected to the outdoor unit. EnergyPlus has three stages of
simulation: Zone load calculations, air loop calculations, and zone equipment
calculations. This requires the data from VRF coils simulated in the air loop stage to be
passed to the zonal equipment stage and then be aggregated with the zone VRF coil
capacities. Thereafter, the VRF outdoor unit is simulated with steady state performance
curves to calculate electric energy usage. If the capacity of the outside unit is exceeded,
the air loop VRF coil is assumed to have priority, and the zonal coil capacities are
systematically reduced until the capacity is no longer exceeded.
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Figure 2.7

Calculation process of the modified EnergyPlus version for the VRFDOAS

With this source code modification, two new objects, VRF air-loop cooling and
heating coils (object names Coil: Cooling: DX: VRFAirloop and Coil: Heating: DX:
VRFAirloop) shown in Figure 2.8, are added to enable a DOAS system coupled with a
VRF outdoor unit to provide 100% conditioned OA to individual zones, as illustrated in
Figure 2.6. Figure 2.7 demonstrates the simulation process of the modified EnergyPlus
version. The new VRF air-loop coil objects are modeled to calculate the coil performance
based on performance curves in the same manner compared to the single-speed DX
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heating and cooling coils modeled in EnergyPlus 8.1 [70]. The coil capacities are
accounted into the VRF condenser calculations along with the average inlet wet-bulb
conditions for each coil linked to the VRF condenser. In the current modification, the
model uses performance information at rated conditions along with curve fits for
variations in total capacity, energy input ratio, and part-load fraction to determine the
performance of the unit at part-load conditions.
Figure 2.8 shows new objects and their connections in the modified version of
EnergyPlus. The VRF air loop coils are stand-alone objects that the VRF outdoor unit
searches for during the outdoor unit calculations. As such, any configuration of an air
loop that can be connected to a single speed DX coil is valid for the VRF air loop coil. It
can be connected to the branch object that further extends to several component objects,
including heating/cooling DX coils, the variable volume fan, and the outdoor air
controller throughout the air loop HVAC. All operation options that the air loop HVAC
in EnergyPlus provides can be used, such as economizer and mechanical ventilation
controls.
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Figure 2.8

VRF-DOAS objects and connections in the modified EnergyPlus version
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In this modification process, manufacturers’ data in the EnergyPlus VRF HP
model [70][21] are used for the coefficients of performance curves. After the source code
modification, the new EnergyPlus executable file and input data dictionary (idd) file are
generated and made available to model the VRF-DOAS system installed in the FRP.
Figure 2.9 (b) illustrates a schematic diagram of the VRF-DOAS for a single-zone in the
modified version of EnergyPlus.

Figure 2.9

Two schematics of a VRF system in a single test zone for validation: (a)
the original version and (b) the modified version of EnergyPlus.

To check the validity of the modified version of EnergyPlus 8.1, a simulation test
is performed with a single-zone building model. Two single-zone building models for
each version of EnergyPlus are placed in the same ambient conditions, and two different
VRF systems are modeled in each version of EnergyPlus as shown in Figure 2.9: a VRF
terminal unit with an OA mixer for the original EnergyPlus (VRF+OAmixer) and a VRF
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terminal unit with an air-loop DOAS for the modified version of EnergyPlus
(VRF+Airloop DOAS). The identical weather file (i.e., USA TN Knoxville –McGheeTMY3.epw) is used to compare thermal load and power consumption for two different
VRF models by considering OA under cooling and heating periods; it is for a summer
period in July and a winter period in January.
For validation, three main outputs (i.e., DX heating and cooling coils’ rate, VRF
heat pump heating and cooling rate, and VRF heat pump electrical energy use) of a VRF
system in VRF+Airloop is compared with VRF+OAmixer, as illustrated in Figure 2.10
through Figure 2.12. Heating and cooling rates of each coil in the VRF+Airloop model,
shown in Figure 2.10, typically reflect heating and cooling rates from both a terminal
VRF indoor unit and the air-loop DOAS unit, as Figure 2.9 shows.
From the comparison of each output data between the VRF+OAmixer and the
VRF+Airloop models, Figure 2.10 through Figure 2.12 indicate that simulated VRF
energy usage from each version of EnergyPlus tends to agree for the cooling period,
while the VRF+Airloop model presents slightly more heating rate and energy usage than
the VRF+OAmixer model for heating period. That is expected because in the modified
model, the zone and OA loads are removed separately using the terminal VRF and the
air-loop DOAS with a VRF coil; whereas the original model removes the zone and OA
loads simultaneously by mixing OA and return air from the zone and by using a single
VRF coil to remove the mixed total heating energy. As two systems provide heating and
cooling in the modified model, it has a tendency to overheat or overcool the zone because
two units may try to provide heating and cooling at the same time separately to the zone.
This issue was also observed in measured data.
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Overall, when the perspective of the coefficients of determination (R²) is
considered in three different comparisons, strong linear relationships between the
VRF+OAmixer and the VRF+Airloop models are shown in all figures. This indicates that
the modified version of EnergyPlus not only enables to model the air-loop DOAS
connected with a VRF outdoor unit, but it also reasonably predicts electrical energy use
from a VRF HP system while providing conditioned OA to individual zones at the same
time.

Figure 2.10

Scatter plots of VRF indoor units total (a) heating and (b) cooling rates
between the original and modified version models
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Figure 2.11

Scatter plots of VRF HP total (a) heating and (b) cooling rates between the
original and modified version models

Figure 2.12

Scatter plots of VRF HP total (a) heating and (b) cooling electrical power
between the original and modified version models

2.3.2

Building Thermal Load Calibration
As a first step of a detailed calibration in this chapter, the building’s simulated

delivered cooling and heating loads are compared with the calculated delivered heating
and cooling loads based on the air side measured data for VRF indoor units and the
DOAS unit as presented in Figure 2.6. In a typical calibration procedure, this step might
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not be possible as the delivered cooling and heating loads for a specific building would
not be readily available. As simulated whole building energy use is usually compared to
the measured one without considering this step, the typical calibration cannot eliminate a
coincidental event that lower building loads would be offset by higher HVAC energy use
(or vice versa). Building envelope model, first, is calibrated by modifying the input
values for the categories shown below.


Weather data



Infiltration



Interior light intensity and schedule



Plug load intensity and schedule

Note that actual weather data from the dedicated weather station is collected and
used to pack weather data file for EnergyPlus as described in Section 2.2.2.
For infiltration updates, a blower door test was performed to measure the
airtightness of the FRP. The measurement is used to calculate the infiltration value for the
FRP building model in EnergyPlus based on an infiltration calculation method [77]. 2.33
m³/s-m² is put on “flow per exterior surface area” input in EnergyPlus for all exterior
zone surfaces.
The intensities and schedules of the interior lights and equipment values (plug
load) are also manually updated based on the measured lighting and plug loads in the
FRP. Figure 2.13 shows the output trends of the interior lights after modification in the
EnergyPlus model. The interior lights shown in Figure 2.13 are hourly average values in
EnergyPlus shown in terms of the electric energy for ten zones for seven representative
days during the measurement period. Figure 2.14 shows comparison of the interior plug
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load for the measured and the simulated data after updates in EnergyPlus. The interior
plugs provided in Figure 2.14 are also hourly average values in EnergyPlus for all ten
zones for seven representative days during the entire comparison period.

Figure 2.13

Hourly interior lights electricity for typical seven days

Figure 2.14

Hourly interior equipment electricity for typical seven days

After updating the building envelope model, delivered cooling and heating loads
are compared to the simulated values. System delivered loads are calculated by Eq. (2.5),
where 𝑚̇𝑠𝑦𝑠_𝑎𝑖𝑟 , ℎ𝑟𝑒𝑡𝑢𝑟𝑛 , and ℎ𝑠𝑢𝑝𝑝𝑙𝑦 are the mass flow rate of dry air through heating and
cooling coils, return air enthalpy, and supply air enthalpy, respectively.
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𝑄̇𝑠𝑦𝑠_𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 = 𝑚̇𝑠𝑦𝑠_𝑎𝑖𝑟 × (ℎ𝑟𝑒𝑡𝑢𝑟𝑛 − ℎ𝑠𝑢𝑝𝑝𝑙𝑦 )

2.3.3

(2.6)

HVAC System-Level Calibration
The VRF-DOAS model is also calibrated after the building load calibration. The

calibrated building load model in Step 2 is used to calibrate the VRF-DOAS simulation
model based on the measured data from the FRP. The following items are added and
modified in the VRF calibration process:


DOAS using the modified version of EnergyPlus 8.1



DOAS outdoor air (OA) set point temperature



VRF operation schedule



Heating and cooling COPs of the VRF system

An air-loop DOAS is implemented in the VRF simulation model using the
modified version of EnergyPlus 8.1 as described in step 1, based on the specifications of
the installed DOAS in the FRP. As illustrated in Figure 2.6, this implementation allows
for OA to be provided through an air-loop DOAS directly to individual zones. With the
DOAS, OA can be conditioned with VRF heating and cooling coils that are connected to
the VRF outdoor unit for the zonal VRF indoor units.
The DOAS schedule and the OA supply air temperature set point are determined
based on the measured data for the VRF system in the FRP. The DOAS operation in the
model is controlled by an energy management system (EMS) object. The DOAS is
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always turned on during all hours in summer, but it is operated only during occupied
hours during heating season (December–March).
The VRF operation schedule is then modified according to the actual VRF system
operation. Since the VRF system installed in the FRP cannot provide simultaneous
cooling and heating, the VRF cooling and heating operation schedules are specified
separately for the cooling (April–November) and heating (December–March) period,
which is the same case for actual operation schedule of the VRF system. The thermostat
set point temperature and schedule are set to 24°C and 21.1°C for cooling and heating
during occupied hours, respectively.
Finally, the heating and cooling COPs of the VRF model are modified based on
the actual performance of the VRF system in the FRP, which are observed from the
measured data. The nominal COP values used for the cooling and heating coils are set to
3.0 and 2.5, respectively.

2.4
2.4.1

Results and Discussion
Comparative Analysis of The VRF-DOAS Delivered Load
The hourly total delivered load of the VRF-DOAS system is compared against the

measured data from the FRP during operation period, from August 2015 through
February 2016. Figure 2.15 shows the hourly profile of the simulated VRF-DOAS
delivered load compared with the calculated results using Eq. (2.6). Positive and negative
ranges of the delivered load indicate cooling and heating loads, respectively. From the
hourly comparative patterns shown in Figure 2.15, the comparable results illustrate good
agreement between the simulated and the measured data in most hours; however, the
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hourly data reveal that the simulation model often under-predict the high delivered load
required in the beginning of system start-up in the morning for cooling period. This can
be caused by various sources of uncertainty in a building performance simulation process
[27], including the uncertainty of thermal mass and material properties for the building
envelope model, or model algorithm itself.

Figure 2.15

Hourly comparison of the VRF total delivered load between the measured
and the simulated data

Figure 2.16 represents the scatter-plots of the hourly delivered load of VRFDOAS model as a function of hourly average OA temperature during occupied hours.
The simulated delivered load of the VRF-DOAS are compared with the measured data.
As seen in this figure, the comparison shows that the simulated delivered load for the
VRF-DOAS system are reasonably matched after building components’ updates with a
NMBE of 3.8%. This calibration step ensures that simulated building loads (envelope +
internal gains) match delivered cooling and heating loads, which would be a prerequisite
to the HVAC system and control calibration.
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Figure 2.16

The measured versus the simulated hourly VRF total delivered load

Figure 2.17 shows hourly comparison of the DOAS delivered loads between the
simulated and the measured data for operation period. Those values are only driven from
the DOAS unit in the VRF-DOAS system and calculated using Eq. (2.6). In this
calculation, ℎ𝑟𝑒𝑡𝑢𝑟𝑛 and ℎ𝑠𝑢𝑝𝑝𝑙𝑦 are OA inlet air enthalpy and supply air enthalpy passed
through the DOAS unit, respectively. As seen in Figure 2.17, hourly comparison between
the simulated and the measured data shows a close match in most hours with a NMBE of
6.4%.
Figure 2.18 illustrates the scatter-plots of the results, comparing the hourly
delivered loads for the measured versus the simulated data as a function of hourly
average OA temperature during the occupied hours. As expected, this comparison reveals
that the simulated delivered load through the DOAS unit are also well matched after
building components and several DOAS unit updates, such as OA operation schedules
and supply set-point temperature. Once the input parameters of the simulation modeling
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are calibrated with the measured data responding to the realistic building and the DOAS
unit combined with the VRF system, the effect of specific parameters on the VRF-DOAS
can be effectively detected. Therefore, the next calibration step is performed by updating
several input parameters (e.g., VRF operation schedule and heating and cooling COP
values of the VRF-DOAS) based on compared results for the delivered load.

Figure 2.17

Hourly comparison of the DOAS delivered load between the measured and
the simulated data

Figure 2.18

The measured versus the simulated hourly DOAS delivered load
41

2.4.2

Comparative Analysis of HVAC and Whole-Building Energy Use
The simulated building energy use is compared against the measured data after

the DOAS unit and VRF system updates. Figure 2.19 and Figure 2.20 show the hourly
patterns of the simulated VRF-DOAS system and whole-building energy usage compared
to the measured energy consumption in the FRP for operation days, from August 2015
through February 2016. Although the simulation model often under-predicts the high
HVAC energy usage during the system start-up for cooling and transition periods in a
similar fashion of the VRF-DOAS delivered load, the simulation results of the calibrated
VRF-DOAS model shown in Figure 2.19 follow the measured data in a reasonable
manner in most hours with a NMBE of 11.5%. HVAC energy consumption of the VRFDOAS model is based on heating, cooling, and fan electric uses. Hourly comparison of
the whole-building energy consumption between the measured and the simulated data is
illustrated in Figure 2.20. The whole-building energy usage typically reflects all electrical
consumption used for interior lights, equipment, and HVAC energy usage in the FRP.
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Figure 2.19

Hourly comparison of HVAC energy use between the measured and the
simulated data

Figure 2.20

Hourly comparison of the whole-building energy use between the measured
and simulated data

Figure 2.21 and Figure 2.22 show scatter-plots of the simulated hourly VRFDOAS system and the whole-building energy usage with the measured data versus hourly
average OA temperature during the entire cooling and heating period. The VRF-DOAS is
operated by a master thermostat, which is located in room 106 on the first floor to
determine heating or cooling mode. Figure 2.21 (a) and Figure 2.22 (a) compare the
measured data and the uncalibrated simulated data for hourly HVAC and whole-building
energy consumption respectively. As expected, it is observed that there are significant
errors when the initial building energy model is uncalibrated.
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After the proper calibration with the measured data throughout all steps, the
simulation results from the calibrated VRF-DOAS model fit reasonably well with the
measured data. In a similar fashion to Figure 2.21 (b), Figure 2.22 (b) illustrates a scatterplot of the measured and the simulated data versus hourly OA temperature for the
calibrated whole-building energy consumption. It agrees reasonably well with the
measured data in the cooling and the heating operation.

Figure 2.21

Hourly comparison of HVAC energy use between the measured and the
simulated data

Figure 2.22

Hourly comparison of the whole-building energy use between the measured
and simulated data
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2.4.3

Comparative Analysis of Statistical Evaluation
As a final step of the calibration, the measured and the simulated data are

compared to calibrate the whole building simulation model using graphical and statistical
comparison techniques. ASHRAE Guideline 14 [75] is used to evaluate the validity of the
calibrated models. With this guideline, hourly load and end-use energy profiles represent
the hourly fit for the measured versus the simulated data since the graphical analysis
includes the time period comparison. In addition, both the simulated and the measured
loads and energy consumption are plotted versus the OA temperature to illustrate the
relationship between these variables.
For statistical evaluation, two calibration criteria, the Normalized Mean Bias
Error (NMBE) and Coefficient of Variation of Root Mean Square Error (CV-RMSE), are
used to determine how well a simulation model fits with the measure data. CV-RMSE
and NMBE are calculated by Eq. (2.6) and (2.7), where 𝑠𝑖 , 𝑚𝑖 , and 𝑚
̅ represent the
simulated results, the measured data, and the average measured data at instance i with
p=1, respectively. It states that models are declared to be calibrated if they produce
NMBE within ± 10% and CV-RMSE within ± 30% when hourly data are used, or 5%
and 15%, respectively, with monthly data.

𝐶𝑉(𝑅𝑀𝑆𝐸) = 100 ×

2
√(∑𝑛
𝑖=1(𝑚𝑖 −𝑠𝑖 ) /(𝑛−𝑝))

𝑁𝑀𝐵𝐸 = 100 ×
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̅
𝑚

∑𝑛
𝑖=1(𝑚𝑖 −𝑠𝑖 )
(𝑛−𝑝)×𝑚
̅

(2.7)

(2.8)

Figure 2.23 illustrates how the simulated data of daily building energy usage
compares with the measured data. From the perspective of the coefficients of
determination (R2) shown in Figure 2.23, a strong correlation (R2 = 0.8615) between the
simulated and the measured whole-building energy use is observed with a detailed
calibration for daily scale, while the correlation between the uncalibrated simulated and
the measured data is less strong (R2 = 0.3104).

Figure 2.23

Linear relationship of daily whole building energy use for the measured
versus the simulated data
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Figure 2.24

Total comparison of the whole-building energy use for the VRF-DOAS
model

Figure 2.24 shows the whole-building energy use for the uncalibrated and the
calibrated results of the VRF-DOAS model, which indicates that the difference in the
whole-building energy based on the measured data decreased from 9.3% (376.1 kWh) to
1.9% (78.8 kWh) for the chosen 25 days from August, 2015, through February, 2016.
Table 2.2 presents the detailed values of building energy consumption among the
measured data, the uncalibrated model data and the data after the calibration. The results
show that the differences between the measured data to the calibrated data are 8.3% (66.1
kWh) for lights, 7.4% (123.8 kWh) for equipment, 17.9% (272.0 kWh) for cooling and
heating systems, and 4.8% (3.3 kWh) for VRF fan. The differences for lights and
equipment are due to altered operations of those on some test days from the regular
schedules.
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Table 2.2

Two whole-building energy use of the VRF-DOAS model

Measured [kWh]
Simulated without
calibration [kWh]
Simulated with
calibration [kWh]
Diff. without
calibration [%]
Diff. with
calibration [%]

Table 2.3

Daily
Hourly

Fan

Total

1,674.8

Cooling &
Heating
1,521.7

68.2

4,059.7

864.3

1,483.4

1,203.1

132.8

3,683.6

861.1

1,798.6

1,249.7

71.5

3,980.9

8.7%

11.4%

20.9%

94.6%

9.3%

8.3%

7.4%

17.9%

4.8%

1.9%

Lights

Equip.

795.0

Statistical evaluation of the whole building models

CV-RMSE
NMBE
CV-RMSE
NMBE

Without calibration (%)
20.1
9.6
32.3
10.9

With calibration (%)
8.7
0.2
15.7
3.8

Table 2.3 summarizes the CV-RMSE and NMBE for the uncalibrated and
calibrated whole building models. The calculated analysis results, based on the wholebuilding energy consumption (i.e., interior lights, equipment, and HVAC electric uses),
are reasonably calibrated based on the criteria from the ASHRAE Guideline 14-2014.
The calculated results indicate that CV-RMSE and NMBE for hourly data are 15.7% and
3.8%, respectively, after the proper calibration, which are all within the acceptable
criteria ranges. For daily comparison, CV-RMSE and NMBE are 8.7% and 0.2%,
respectively, after the calibration.
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CHAPTER III
EVALUATION OF ENERGY SAVINGS POTENTIAL OF VARIABLE
REFRIGERANT FLOW (VRF) SYSTEM
Variable refrigerant flow (VRF) systems are known for their high energy
performance and thus can improve energy efficiency both in residential and commercial
buildings. The energy savings potential of this system has been demonstrated in several
studies by comparing the system performance with conventional HVAC systems such as
rooftop variable air volume systems (RTU-VAV) and central chiller and boiler systems.
This chapter evaluates the performance of VRF and RTU-VAV systems in a simulation
environment using widely-accepted whole building energy modeling software,
EnergyPlus version 8.4. A medium office prototype building model, developed by the
U.S. Department of Energy (DOE), is used to assess the performance of VRF and RTUVAV systems. Each system is placed in 16 different locations, representing all U.S.
climate zones, to evaluate the performance variations. Both models are compliant with
the minimum energy code requirements prescribed in ASHRAE standard 90.1-2010 -energy standard for buildings except low-rise residential buildings. Finally, a comparison
study between the simulation results of VRF and RTU-VAV models is made to
demonstrate energy savings potential of VRF systems.
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3.1
3.1.1

Simulation Model Description
Building Description
EnergyPlus 8.4 currently provides VRF systems and single packaged RTUs with

VAV reheat modeling capability [78][72]. EnergyPlus prototype medium office models
(shown in Figure 3.1), developed by Pacific Northwest National Laboratory (PNNL) with
the U.S. DOE support [79], are used to assess the performance of VRF and RTU-VAV
systems. For this chapter, the original prototype medium office models developed in
version 8.0 of EnergyPlus are converted into version 8.4 to implement supplementary
heaters with the VRF systems. Each building model for 16 climate zones complies with
the minimum energy code requirements prescribed in ASHRAE Standard 90.1-2010
(ASHRAE 2010).

Figure 3.1

3D view (a) and a floor plan (b) of a simulated medium-sized office
building model

As seen in Figure 3.1(b), the prototype medium office has a rectangular floor plan
and total floor area of 4,982 m2. Each floor has 5 thermal zones, including 4 perimeter
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zones and 1 core zone with 33% window-to-wall fraction. All construction details and
internal heat gains are based on ASHRAE Standard 90.1-2010 requirements. Note that
this chapter did not compare the energy consumption for equipment and lighting power
as these are not changed. Only the HVAC energy consumptions are compared between
two systems.
3.1.2

Rooftop Unit Variable Air Volume Model
The prototype building model has the RTU system with the VAV electric reheat

(RTU-VAV). Figure 3.2 depicts the RTU-VAV system schematic implemented on each
floor of the building model in this comparative analysis. This system is the air
conditioning system that varies the supply air volume flow rate through the air handing
unit (AHU) using dampers located in the VAV terminal box in order to curtail heating
and cooling loads and meet the set-point temperature [72]. Original input values are
mostly used for the RTU-VAV system as described in Table 3.1 [79][80].
Although most of original input values are directly obtained from the prototype
medium office models, some of input values are slightly modified in this chapter,
including Energy Manage System (EMS) controls for the thermostat set-point
temperature optimum controls and the domestic hot water system. EMS inputs for the
optimum set-point temperature are modified to maintain the same set-point temperature
for both the RTU-VAV and the VRF systems, provided in Table 3.1, and the domestic
supply hot water system was removed for the RTU-VAV system since only the HVAC
energy consumptions are compared between the RTU-VAV and the VRF systems.
Although night-time set-back temperatures are used for most of the cities, some models
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in hot and warm climate zones do not use the set-back temperature during the cooling
season, depending on outdoor weather conditions [79].

Figure 3.2

A RTU-VAV system schematic

As an economizer system is one of requirements for ASHRAE 90.1-2010
Standard with medium commercial buildings, the RTU-VAV prototype includes the
economizer (required by ASHRAE 90.1-2010) with the supply air reset temperature
controls based on outdoor temperature. The economizer is operated with two different
control types. The differential enthalpy economizers are used in 1A, 2A, 3A, and 4A
climates’ prototype models while the differential dry-bulb economizers are used for all
other climate locations [78].
3.1.3

Variable Refrigerant Flow Heat Pump Model
VRF systems distribute refrigerant to each terminal unit usually placed in each

thermal zone. VRF systems use a variable speed compressor and electronic expansion
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valve to independently vary the flow rate to each terminal unit to meet the thermal load.
There are two general types of VRF systems: heat pump (HP) and heat recovery (HR)
systems. A VRF HP system only provide either heating or cooling modes in the indoor
units during the same operation, while a VRF HR system is capable of operating
simultaneously in heating and/or cooling modes. In this chapter, the VRF HP system is
used, and the VRF HP models in EnergyPlus have been developed and improved from
version 7.2 through 8.4 for the simulation accuracy and the ability to consider the
dynamics of more operational parameters [71][23]. EnergyPlus 8.4 provides two different
VRF models to simulate the energy performance of the VRF HP systems: the System
Curve based Model (VRF-SysCurve), updated at EnergyPlus 7.2, and the Physics based
Model (VRF-FluidTCtrl), which was updated at EnergyPlus version 8.4 [72]. In this
chapter, the VRF-SysCurve model is used, based on empirical performance curves found
in manufacturers’ literature [71]. The empirical performance curves are validated with
measured data as discussed in CHAPTER II.

Figure 3.3

A VRF HP system schematic

53

For the VRF HP simulation models as shown in Figure 3.3, the original prototype
medium offices are modified by replacing the RTU-VAV system (shown in Figure 3.2)
with the VRF HP system (shown in Figure 3.3). The VRF HP units are operated by the
master zone thermostat to determine the operational mode between cooling or heating
[78]. The VRF HP system tends not to provide adequate thermal comfort in some thermal
zones when the system cannot provide simultaneous cooling and heating, especially
during heating season [37]. To overcome this limitation, separate outdoor units for core
and perimeter zones are modeled to be able to meet simultaneous cooling and heating
requirements. In total, six outdoor units are created to cover all core and perimeter zones
in the three-floor building, and each zone has one indoor unit.
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Table 3.1

EnergyPlus HVAC model inputs for RTU-VAV and VRF systems

HVAC system
component
Heating
Cooling
Distribution and
terminal units

RTU-VAV system
Gas furnace inside the packaged air
conditioning unit
Unitary DX inside the packaged air
conditioning unit
VAV terminal box with damper and
electric reheating coil (minimum
supply air at 30% of the design
peak supply air)

VRF HP system
VRF DX heating coil
VRF DX cooling coil
Variable refrigerant flow
(VRF) DX cooling and heating
coils (air-to-air heat pump)

Total cooling capacity

Auto-sized to design day

Auto-sized to design day

Total heating capacity

Auto-sized to design day

Auto-sized to design day

Cooling COP

3.39

3.23

Heating COP

0.8 (heating gas burner efficiency)

3.20

Thermostat set-point
(occupied hours)
Thermostat set-back
(unoccupied hours)

24°C for cooling /
21.1°C for heating
26.6°C for cooling /
15.5°C for heating

24°C for cooling /
21.1°C for heating
26.6°C for cooling /
15.5°C for heating

Supply fan type

Fan: variable volume

Fan: on/off

Indoor supply fan
efficiency (%)

60 to 62% depending on the fan
motor size
0.000431773 m3/s-m2 (0.0085
cfm/ft2)
Outdoor air reset set-point
(differential dry bulb in economizer
control type): 15.6°C if outdoor air
is lower than 10°C and 12.8°C if
outdoor air is higher than 21.1°C
Constant supply air set-point
(differential enthalpy in economizer
control type): 12.8°C for cooling
and heating operation

Outdoor ventilation air

Supply air set-point
manager

Supplementary heater
type
Supplementary heater
heating capacity
Supplementary heater
efficiency

0.7
0.000431773 m3/s-m2 (0.0085
cfm/ft2)

N/A

N/A

Zonal baseboard convective
elec. heater (natural
convection unit)

N/A

Auto-sized to design day

N/A

0.97
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Table 3.1 summarizes the HVAC input details of both the RTU-VAV and the
VRF HP systems. The performance curves used for the VRF HP model in CHAPTER II
[71] are used, and the coefficient of performance (COP) values for the rated cooling and
heating are set to 3.23 and 3.2, respectively, for the VRF HP system. Although the rated
cooling and heating COPs of the VRF HP system can vary depending on the VRF HP
system capacity, the values used in this chapter are determined based on the VRF HP
minimum efficiency requirements prescribed in ASRHAE Standard 90.1-2010 [81]. All
cooling and heating capacities are auto-sized to design day conditions corresponding with
ASHRAE climate zones in both the RTU-VAV and the VRF HP systems. For zone
outdoor air (OA) requirements based on number of occupants and zone floor area,
ventilation optimization are implemented using the control algorithm that is available on
“Controller: Mechanical Ventilation (CMV)” object in EnergyPlus for the RTU-VAV
models. This input fields in the CMV object include zone minimum OA requirement as
determined by ASHRAE Standard 62.1 [79]. Although the RTU-VAV models always use
OA ventilation optimization controls to maintain OA requirements with the economizer
operation during simulation period, the VRF models employ a simplified way to bring
OA through individual zones using the “Outdoor Air Mixer (OAM)” object in
EnergyPlus during the VRF HP system’s operation.
In addition, supplementary electric heaters are added with the VRF HP models
since the VRF system provided by EnergyPlus has a limit on the heating capacity when
the outdoor air (OA) temperature can be lower than -20°C. The supplementary electric
heaters can provide additional heating throughout the space by only natural convection,
which has an immediate impact on the zone air heat balance [72]. The heating and
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cooling set-points for the VRF HP models shown in Table 3.1 are the same as that of the
RTU-VAV models.
3.2

Case Studies on Validation of EnergyPlus VRF and RTU-VAV Models
In addition to the validation and calibration of the VRF system described in

CHAPTER II, the validation process of the VRF HP and the RTU-VAV simulation
models in EnergyPlus have been previously validated with measured data in various
studies [8][41][23][82][83][18].
Aynur et al. [8] experimentally evaluated validation of EnergyPlus of the variable
air volume (VAV) air conditioning system in the existing office. The packaged VAV
system was used with the actual values of the construction information and internal heat
gains such as occupants, lighting, and office equipment. The manufacturer’s data for the
existing the RTU and the VAV boxes was used in the simulation package inputs in
EnergyPlus. Their comparison results showed that the simulation results from the RTUVAV model fit reasonably well with the measured data, including 71.1% of all simulated
power consumption data was within ±15% range from the measured data. This is mainly
due to the difference of solar weather data between the weather data location they used
and the experimental location. It was also found that most of the indoor temperature and
the relative humidity were within ±1.5ºC and ±18% range, respectively, from the
simulated data.
Sharma et al. [22] used an empirical model to simulate the VRF HP system using
the existing VRF module in EnergyPlus 7.2 and compared electric consumption for the
lab-measured and simulated data. Their results showed that about 72% of all the
simulated total energy falls within ±25% of the measured data of total energy and
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included around 21% for coefficient of variation of the root mean square error (CVRMSE), which is a reasonable variability between measured and simulated data. Zhou et
al. [84] developed the VRF simulation module in EnergyPlus and then validated it using
experimental data [82]. They showed the simulated results of the VRF air conditioning
system from EnergyPlus agreed well with the measured data with a mean relative error
around 25% and 28%, respectively, for the total cooling energy and power consumption.
The average errors also included 6% for COP and 18% for part load ratio (PLR). They
also pointed out that both the air conditioning system with proper controls and the
building element information need to be considered carefully in order to achieve accurate
performance data of the VRF system in EnergyPlus. Kwon et al. [83] evaluated the
validation of the VRF HP model in the EnergyPlus version 7.2. They highlighted the root
mean square deviation of daily, weekly, and monthly electricity use between the
simulated and measured data are 5.6 kWh, 11.1 kWh, and 37.6 kWh, respectively. It is
also found that the average absolute error in electricity use is 7.8%, 2.4%, and 2.2% for
the daily, weekly, and monthly values, respectively, for the entire simulation period.
3.3

U.S. Climate Locations
The office building models with each system are placed in 16 different cities

representing all U.S. climate zones to evaluate the performance variations in different
weather conditions. The 16 climate zones constructed by the International Energy
Conservation Code (IECC) and ASHRAE are used for this chapter to evaluate the energy
savings potential of the VRF system from the RTU-VAV system. Table 3.2 lists the 16
representative locations identified in ASHRAE Standard 90.1-2010 in the U.S. climate
zones.
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Figure 3.4

ASHRAE climate zones in the United States
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Table 3.2

Climat
e zone
1A
2A
2B
3A
3BCoast
3B
3C
4A
4B
4C
5A
5B
6A
6B
7
8

U.S. climate zones and conditions in updated weather file

City (conditions)
Miami, FL
(very hot, humid)
Houston, TX
(hot, humid)
Phoenix, AZ
(hot, dry)
Atlanta, GA
(warm, humid)
Los Angeles, CA
(warm, dry)
Las Vegas, NV
(warm, dry)
San Francisco, CA
(warm, marine)
Baltimore, MD
(mixed, humid)
Albuquerque, NM
(mixed, dry)
Seattle, WA
(mixed, marine)
Chicago, IL
(cool, humid)
Boulder, CO
(cold, dry)
Minneapolis, MN
(cold, humid)
Helena, MT
(cold, dry)
Duluth, MN
(very cold)
Fairbanks, AK
(very cold)

Maximum dry-bulb
temperature (ºC)
(design day)

Wet-bulb at maximum
dry-bulb temperature (ºC)
(design day)

Heating

Cooling

Heating

Cooling

8.7

33.2

8.7

25.3

-1.6

36.0

-1.6

24.8

3.7

43.4

3.7

21.1

-7.3

31.4

-7.3

25.2

6.6

25.5

6.6

21.1

-1.7

34.7

-1.7

21.9

3.8

28.3

3.8

17.2

-10.6

34.4

-10.6

23.9

-7.9

35.1

-7.9

15.7

-4.5

28.0

-4.5

19.2

-20.0

33.3

-20.0

23.7

-18.6

27.4

-18.6

18.6

-26.0

30.7

-26.0

24.8

-26.3

33.7

-26.3

16.4

-28.6

29.2

-28.6

21.0

-41.9

27.4

-41.9

16.1
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3.4

Results and Discussion

3.4.1

Comparative Analysis of HVAC Site Energy Use
A comparison study between the simulation results of the VRF HP and the RTU-

VAV models is made to evaluate energy and cost savings potential of the VRF HP
systems in 16 U.S. climate locations. The comparison is based on all annual HVAC
energy consumption used within the entire prototype office building, which includes total
annual heating, cooling, and HVAC fan energy usage. The results of HVAC site energy
use for each system are shown in Figure 3.5. Percentage savings metric of the HVAC
energy for 16 climates when compared to the RTU-VAV models is calculated as follows:

𝐸

𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = (1 − 𝐸𝑉𝑅𝐹 ) × 100
𝑉𝐴𝑉

(3.1)

Figure 3.5 shows annual HVAC site energy usage and savings for the VRF HP
and the RTU-VAV models. As shown in this figure, the simulation analysis results in the
VRF HP models use less annual HVAC site energy than the RTU-VAV models in all
climate zones, and cold climates tend to use more HVAC site energy than mild climates
mostly due to the heating energy consumption. The total annual HVAC site energy
savings are about 14-39% for the 16 climate zones when compared with the RTU-VAV
models.
Annual heating site energy savings of the VRF HP models from the RTU-VAV
models are presented in Figure 3.5 (B). Annual heating site energy usage for the RTUVAV models includes heating electricity consumption of the VAV reheat coils and gas
consumption of main air handing unit (AHU) heating coils. For the VRF HP models,
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annual heating site energy includes the VRF heating coils and the supplementary heaters.
The results indicate the VRF HP models consume about 32-88% less heating energy use
for 16 climate locations when compared to the RTU-VAV models. It also shows that the
highest percentage savings for heating site energy use is around 88% (5.4 MWh/year) for
Miami, and the lowest percentage savings is around 32% (14.5 MWh/year) for
Albuquerque.
Figure 3.5 (C) shows annual cooling site energy differences between the VRF HP
and the RTU-VAV models. Cooling energy savings tend to be less than heating energy
savings. In some climates, the VRF HP models spend more cooling energy compared to
that of the RTU-VAV models, mainly due to use of economizers and OA reset controls
for the RTU-VAV models. It shows that the highest percentage savings for the VRF HP
models compared with the RTU-VAV cooling site energy is around 26% (25.8
MWh/year) for Atlanta, GA. The lowest percentage saving is around 1% (2.6 MWh/year)
for Phoenix, AZ. As the modeled RTU-VAV is equipped with economizers and has a
supply air OA reset control, the simultaneous cooling and reheating for some climate
zones can be significantly reduced with more enhanced controls with addition of
economizers for the RTU-VAV models. This process results in less cooling energy usage
for the RTU-VAV models and less saving potential of the VRF HP models in the
corresponding climate locations.
Energy savings in terms of the annual HVAC fan site energy consumption are
also the major energy savings potential for the VRF HP systems compared to the RTUVAV systems as shown in Figure 3.5 (D). The VRF HP models used an on-off fan, which
operates based on heating and cooling loads, while a variable air volume fan is used for
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the RTU-VAV models commonly used for VAV systems. For fan operating schedules,
the VRF HP models are always turned on to satisfy general OA requirements provided
through the OA mixer object. In contrast, the RTU-VAV models are operated based on
the minimum OA requirements with economizers, which are not available for the current
VRF system in EnergyPlus 8.4. When compared to the RTU-VAV models as a
percentage of total HVAC fan energy use, the simulation analysis as shown in Figure 3.5
(D) shows that the VRF HP models use around 26-50% less HVAC fan site energy than
the RTU-VAV models throughout the chosen climate locations. The HVAC fan site
energy savings potential of the VRF HP models include 50% (15.1 MWh/year) for Las
Vegas, NV, which is the highest saving location, and 26% (5.4 MWh/year) Seattle, WA,
which is the lowest saving location. These results are expected mainly due to the fact that
the RTU-VAV fans served by the AHU tend to have high enough static pressure to push
out all the air to each VAV terminal box while the VRF indoor unit fans have lower static
pressure to supply conditioned air to each zone since the VRF refrigerant delivers heat
and cool to indoor units.
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Figure 3.5

Annual HVAC site energy savings for the VRF and RTU-VAV models

(A) HVAC total site energy, (B) heating site energy, (C) cooling site energy, and (D)
HVAC fan site energy savings potential of the VRF system in U.S. climate
locations
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3.4.2

Comparative Analysis of HVAC Source Energy Use
The “source” energy is calculated from the “site” energy. Source energy is the

energy usage at the utility generating facility needed to provide the electricity used at the
site, and the embedded energy of fuel delivered to the site, such as the natural gas [85].
Since the power mix of the electric grid varies with demand loads, site to source energy
conversion factors can be changed based on state locations, energy types, and time. The
default conversion factors that EnergyPlus 8.4 provides in the output report, therefore,
were used in this chapter and kept the same values across all the climates locations. The
conversion factors from site energy to source energy were set to 3.167 (source kWh per
site kWh) for electricity and 1.084 (source kWh per site kWh) for natural gas [21].
Figure 3.6 shows annual HVAC source energy savings potential of the VRF HP
models in 16 U.S. climates. The calculated analysis turns out that the VRF HP models
consume about 2-32% less HVAC source energy from the RTU-VAV models.
Comparing heating source energy usage as a percentage of total HVAC source energy
consumption, the highest percentage savings for heating source energy is around 88%
(17.0 MWh/year) for Miami, FL, and the lowest percentage savings is around 3% (10.4
MWh/year) for Helena, MT, respectively. For cooling source energy savings potential of
the VRF HP models as seen in Figure 3.6 (C), the percent savings are the same for site
and source energy because all cooling energy usage is from electricity. The calculated
results include around 26% (81.6 MWh/year) for Atlanta, GA, which is the highest
percentage savings when compared with the RTU-VAV models. In addition, the lowest
percentage saving is around 1% (8.1 MWh/year) for Phoenix, AZ, while some climates
show that the VRF HP models consume more cooling source energy than the RTU-VAV
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models due primarily to the precooling of economizers and supply air OA reset controls.
As expected, HVAC fan source energy savings potential of the VRF HP models also
point out the same pattern compared to site energy usage, while the HVAC fan source
energy uses are significantly higher than the site energy usage. The calculated results
indicate that the highest percentage savings for heating source energy use is around 50%
(47.9 MWh/year) for Las Vegas, NV, and the lowest percentage savings is around 26%
(17.1 MWh/year) for Seattle, WA.
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Figure 3.6

Annual HVAC source energy savings for the VRF and RTU-VAV models

(B) HVAC total source energy, (B) heating source energy, (C) cooling source energy,
and (D) HVAC fan source energy savings potential of the VRF system in U.S.
climate locations
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3.4.3

Comparative Analysis of HVAC Cost Savings Potential
The energy cost savings potential of the VRF HP systems compared with the

RTU-VAV systems is estimated within the 16 climate locations using the prototype
medium office model. The average electricity and natural gas prices for the states in
2015, provided in Table 3.3, are found from the U.S. Energy Information Administration
(EIA) and used in the cost savings analysis for each representative climate location. The
energy costs and the VRF HP systems savings compared with the RTU-VAV systems in
the 16 climate locations are summarized in Figure 3.7.

Table 3.3

Average electricity and national gas prices in 16 representative climate
zones

Miami, FL

Average price of electricity
($ per kWh)
0.102

Average price of natural gas
($ per Mcf [1,000 ft3])
10.7

Houston, TX

0.081

8.3

Phoenix, AZ

0.097

10.5

Atlanta, GA

0.102

8.5

Los Angeles, CA

0.140

8.0

Las Vegas, NV

0.098

8.7

San Francisco, CA

0.140

8.0

Baltimore, MD

0.116

10.0

Albuquerque, NM

0.104

7.9

Seattle, WA

0.082

9.1

Chicago, IL

0.087

7.3

Boulder, CO

0.097

8.2

Minneapolis, MN

0.0897

7.3

Helena, MT

0.1006

7.82

Duluth, MN

0.0897

7.3

Fairbanks, AK

0.1733

7.8

Location
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Figure 3.7 represents the calculated cost savings of the VRF HP models. The
percentage HVAC cost savings are around 4-32%. The highest percentage cost savings
for annual HVAC energy use is around 32% (6383.7 $/year) for Houston, TX, and the
lowest percentage savings is around 4% (796.1 $/year) for Duluth, MN. However, several
cold climate locations, such as Fairbanks, AK and Helena, MT, show the VRF HP
systems are about 2-25% more costly for HVAC energy usage than the RTU-VAV
systems.

Figure 3.7

Calculated annual HVAC energy cost savings potential of the VRF system
in U.S. climate locations
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CHAPTER IV
NET-ZERO ENERGY BUILDING (NZEB) DESIGN WITH VARIABLE
REFRIGERANT FLOW HEAT PUMP (HP) AND
HEAT RECOVERY (HR) SYSTEM
This chapter presents net-zero energy building design with VRF and an on-site
renewable energy systems in U.S. climate zones. To enable NZEB design in an efficient
manner, two types of VRF systems: heat pump (HP) and heat recovery (HR) systems, are
considered for HVAC equipment in an office building model with a grid-tied
photovoltaic (PV) system. An updated office prototype building model, developed by
Pacific Northwest National Laboratory (PNNL) with the U.S. Department of Energy
(DOE) support, is used, which complies with the minimum energy code requirements
prescribed in ASHRAE Standard 90.1-2013. Based on the definition of a Net-Zero Site
Energy building, this chapter assumes that net-metering is available for NZEBs to match
the annual imported site electricity to the annual surplus electricity to the electrical grid.
4.1

Updated Simulation Building Description
An updated prototype medium office model, developed by Pacific Northwest

National Laboratory (PNNL) with the U.S. DOE supports [86], is used to evaluate energy
performance of VRF systems and then model NZEBs in U.S. climate locations. A
medium-sized office building represents the highest construction weights within office
types of U.S. commercial buildings, and there are various versions of prototype office
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models compliant with the 2004, 2007, 2010, and 2013 editions of ANSI/ASHRAE/IES
Standard 90.1 [87]. This chapter employs the updated edition of a prototype office model
that complies with the minimum energy code requirements prescribed in ASHRAE
Standard 90.1-2013 [88]. The 2013 edition of prototype commercial building models
shows relatively high energy efficiency when compared to previous editions. Figure 3.1
depicts a three-dimensional perspective view and a floor plan of a prototype office
building model.
Geometric shape and information of the updated prototype office building model
is the same as the model described in CHAPTER III. However, all construction details
and internal heat gains are modeled based on ASHRAE Standard 90.1-2013 minimum
requirements [88]. Table 4.1 summaries building characteristics of the updated prototype
office building model. Modeling the energy impacts of the building internal heat gains in
EnergyPlus requires assumptions about the internal heat gain intensity and operation
schedules. All input values and schedules regarding internal heat gains are directly
obtained from the original version of a prototype office model without modifications
[89]. In addition, ASHRAE Standard 90.1-2013 requires some exterior lighting and
equipment energy consumption used with a prototype office building model [87]. All the
parts of building electricity usages are reflected for NZEB design for this chapter.
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Table 4.1

Updated prototype office model characteristics
Parameter

Characteristics

Total conditioned floor area

4,982 m² (53,626 ft²)

Floor-to-ceiling height

2.74 m (1.22 m above-ceiling plenum)

Window-wall-ratio (WWR)

33% (Glass U-factor: 2.37 W/m²-K, SHGC: 0.4)

Exterior wall construction

Steel-frame walls (U-factor: 0.363 W/m²-K)

Roof construction

Built-up roof: roof membrane, insulation, and metal
decking (U-factor: 0.182 W/m²-K)

Floor construction

Slab-on-grade floors (U-factor: 2.144 W/m²-K)

Occupancy density

200 ft²/person

Lighting power density (LPD)

1.0 W/ft²

Equipment power density (EPD)

0.75 W/ft²

Domestic hot water system

Electric water heater with 0.96 of thermal
efficiency

Zone thermostat set-point
(occupied hours)
Zone thermostat set-back
(unoccupied hours)

75°F Cooling/70°F Heating
80°F Cooling/60°F Heating

For a heating, ventilation, and air conditioning (HVAC) system, an updated
original prototype office model uses a rooftop unit (RTU) system with variable air
volume (VAV) electric reheat coils to provide heating and cooling to individual zones in
the building. Since this chapter only considers two types of VRF systems (i.e., VRF heat
pump (HP) and heat recovery (HR)) for NZEB design we remove all the RTU-VAV
system parts and add each VRF system to the HVAC part of an updated original
prototype office model. Detailed description of modeling VRF systems for HVAC
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equipment in EnergyPlus prototype office building models will be discussed in the next
sections.
4.2

Physics-Based Variable Refrigerant Flow System in EnergyPlus
In general, there are two types of VRF systems: heat pump (HP) and heat

recovery (HR) systems as discussed in CHAPTER II and CHAPTER III. A VRF HP type
provides either cooling or heating but not simultaneously, whereas a VRF HR type is
capable of providing simultaneous heating and cooling to different conditioned zones
[38]. In this chapter, both VRF HP and HR types are considered to reduce HVAC energy
and then enable NZEB design efficiently. Current EnergyPlus version 8.6 provides two
different VRF models to simulate the energy performance of VRF systems in HP and HR
modes: the system curve based VRF (VRF-SysCurve) and the physics-based VRF (VRFFluidTCtrl) models [90]. This chapter only uses the physics-based VRF HP and HR
models. The physics-based VRF model is an advanced VRF simulation models
implemented in EnergyPlus to improve the simulation accuracy and enhance VRF control
logics [23]. This model is based on more physic-based components using fewer
component-level curves for capacities and power inputs of indoor and outdoor units
instead of overall performance curves. This model also considers the dynamics of more
operational parameters (e.g., evaporating temperature and supply air flow rate) for more
enhanced operation controls to achieve high energy efficiency in buildings [90][23].
4.2.1

Physics-Based VRF Heat Pump Model in EnergyPlus
Depending on the zonal cooling/heating requirements, the system operation of

VRF models can be controlled at each simulation time step. EnergyPlus uses the air heat
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balance method to determine the zonal load requirements to user specified thermostat
setting [90]. In the VRF HP model of EnergyPlus, five main steps are considered to meet
the zonal load requirements and calculate energy consumption of VRF systems [23].
First, the VRF HP model calculates the effective evaporating/condensing
temperature based on the zonal load requirements and VRF indoor unit configurations. In
this calculation, there are two refrigerant temperature control options for the indoor unit:
Constant and Variable temperature. This chapter uses constant temperature, which
evaporating/condensing temperature is kept at constant values specified by the user.
Evaporating and condensing temperatures are set to 6 ºC and 44 ºC, respectively, in this
chapter. Next, the piping loss calculation through the main pipe connecting VRF indoor
and outdoor units is performed to determine both the refrigerant pressure drop and heat
loss. The piping loss calculation is critical for the analysis of the whole system and total
energy usages consumed by VRF outdoor units. The VRF HP model uses separate piping
loss calculation models in cooling and heating modes.
By considering the pressure and heat piping losses, the effective
condensing/evaporating temperatures of the VRF outdoor unit is determined after
initializing outdoor unit operation conditions. In this initializing procedure, 5 ºC and 1.5
ºC are used for outdoor unit supercool and superheat temperatures, respectively, to
determine the total cooling and heating load for zones. With the total loads, total
initialized compressor power is calculated using the reference coefficient of performance
(COP) value, which is 3.5 given in EnergyPlus. After that, the total heat rate released
from the VRF outdoor unit is determined by summing all the total cooling/heating loads,
final compressor power, and piping losses. Using the total heat rate, then the effective
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condensing or evaporating temperatures of the outdoor unit is determined. With the
above calculations, the compressor speed can be chosen using the performance curves,
and then a next part calculates a required loading index at various compressor speeds to
determine the operational mode of VRF outdoor units. Finally, the total power
consumption of the outdoor unit is calculated by summing all the electric power
consumption by the outdoor unit fan and total electric power consumption by the outdoor
unit compressor. Detailed descriptions on the algorithm can be found in references
[90][23].
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Figure 4.1

Schematics of a VRF HP (a) and a VRF HR (b) systems
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Figure 4.1 (a) depicts a VRF HP system schematic on each floor of a prototype
office building model. Three outdoor units are used to cover all core and perimeter zones
in a whole office building. An individual indoor unit is placed in each zone to provide
heating or cooling into conditioned zones. Five indoor units are connected to the same
outdoor unit for core and perimeter zones. The system capacity of the corresponding
indoor and outdoor units is auto-sized based on design day conditions corresponding with
ASHRAE climate zones in both the VRF HP and HR systems. To meet zone minimum
outdoor air (OA) requirements with VRF systems, current EnergyPlus provides several
ways, including dedicated outdoor air systems (DOAS) with an OA mixer, air-loop
HVAC distribution, zonal HVAC OA units, or zonal unit ventilator. The OA mixer in
EnergyPlus is used in this chapter to bring OA to individual conditioned zones through
zonal VRF terminal units during system operation. This is mainly because we only take
account into the zone minimum OA requirement as determined by ASHRAE Standard
62.1 without any additional equipment such as fans in a simplified manner. Hong et al.
[90] and Zhang et al. [91] provided the detailed validation of the VRF HP and HR models
in EnergyPlus with measured data from field and laboratory measurement data. From
their validation analysis, it was observed that the new physics-based models proved to be
fairly accurate in predicting hourly energy performance and provided even more accurate
estimate of VRF HP system performance when compared to the existing curve-based
VRF HP model in EnergyPlus. Based on references [90][23][91], most of input values
are adopted for the energy performance evaluation of the VRF HP and HR systems.
Table 4.2 summarizes the HVAC input details of both the VRF HP and HR systems.
Note that the variable temperature control is used for the VRF HR model in this chapter,
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whereas the VRF HP model uses variable temperature as shown in Table 4.2. Unlike the
constant temperature strategy, the variable temperature strategy determines the
temperatures by considering among required, minimum, and maximum temperatures
provided by the user [23], which could provide energy savings potential in an efficient
manner by minimizing refrigerant temperature differences between indoor and outdoor
units.

78

Table 4.2

Major inputs of the VRF HP and HR outdoor units in EnergyPlus
Input Field
Refrigerant Type
Rated Evaporative Capacity

Rated compressor power per unit of rated
evaporative capacity
Minimum OA temperature in cooling mode
Maximum OA temperature in cooling mode
Minimum OA temperature in heating mode
Maximum OA temperature in heating mode
Reference outdoor unit superheating
Reference outdoor unit subcooling
Minimum outdoor temp. in heat recovery mode
Maximum outdoor temp. in heat recovery mode
Refrigerant Temperature Control Algorithm for
indoor unit
Reference evaporating temp. for indoor unit
Reference condensing temp. for indoor unit
Variable evaporating temp. minimum for indoor
unit
Variable evaporating temp. maximum for
indoor unit
Variable condensing temp. minimum for indoor
unit
Variable condensing temp. maximum for indoor
unit
Outdoor unit evaporator reference superheating
Outdoor unit condenser reference subcooling
Outdoor unit evaporator rated bypass factor
Outdoor unit condenser rated bypass factor
Difference between outdoor unit evaporating
temp. and outdoor air temp. in heat recovery
mode
Outdoor unit heat exchanger capacity ratio

4.2.2

VRF HP
R410A
Auto-sized to
design day

VRF HR
R410A
Auto-sized to
design day

0.344

0.214

-6 ºC
43 ºC
-20 ºC
22 ºC
3 ∆ºC
3 ∆ºC
N/A
N/A
Constant
temperature
6 ºC
44 ºC

-6 ºC
43 ºC
-20 ºC
26 ºC
N/A
N/A
-20
26
Variable
temperature
6 ºC
44 ºC

5 ºC

5 ºC

13 ºC

13 ºC

36 ºC

36 ºC

46 ºC

46 ºC

N/A
N/A
N/A
N/A

3 ∆ºC
5 ∆ºC
0.28
0.05

N/A

5 ∆ºC

N/A

0.3

Physics-Based VRF Heat Recovery Model in EnergyPlus
The heat recovery technology of VRF systems enables heat transfer within multi-

split refrigerant configurations to achieve more energy reductions and better thermal
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comfort in buildings [92]. The current EnergyPlus version 8.6 provides the latest
advanced VRF HR model based on the physics-based calculation process, which is called
the physics-based VRF HR model in EnergyPlus [90]. Since the 3-pipe system is the
dominant type in the existing VRF HR market, this VRF HR model adopts the 3-pipe
type for each part and piping connections in the VRF HR model [91]. Figure 4.1 (b)
illustrates the VRF HR model placed on each floor of a prototype office building model.
System configurations are mostly the same with the physics-based VRF HP model as
shown in Figure 4.1 (a), but 3-piping connections between outdoor units and refrigerant
heat recovery units. In the VRF HR configurations, one additional heat exchanger in the
outdoor unit and multiple Branch Selector (BS) units (i.e., refrigerant heat recovery units)
are included to enable specific operational modes for simultaneous cooling and heating in
buildings [91]. The operations of the VRF HR model can be categorized into six modes,
while a VRF HP model contains only two modes: cooling only and heating only. Table
4.3 summarizes definition of six operation modes, which is directly obtained from
references [90][91], and six modes can be determined based on the indoor cooling and
heating thermal loads and the status of the VRF outdoor unit operation.
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Table 4.3
Operation
mode
Mode 1

Mode 2

Operation modes of a VRF HR outdoor unit in EnergyPlus
VRF
type
Both
VRF HP
and HR

Only
VRF HR

Mode 3

Mode 4

Mode 5

Mode 6

Both
VRF HP
and HR

Cooling/Heating condition
Cooling load only:
No heating load.
Simultaneous heating and
cooling:
The sum of the zone cooling
loads and compressor heat is
much larger than the sum of the
zone heating loads.
Simultaneous heating and
cooling:
The sum of the zone cooling
loads and compressor heat is
slightly larger than the sum of
the zone heating loads.
Simultaneous heating and
cooling:
The sum of the zone cooling
loads and compressor heat is
slightly smaller than the sum of
the zone heating loads.
Simultaneous heating and
cooling:
The sum of the zone cooling
loads and compressor heat is
much smaller than the sum of
the zone heating loads.
Heating load only:
No cooling load.

Outdoor unit operation
note
Both outdoor unit heat
exchangers operate as
condensers.
Both outdoor unit heat
exchangers operate as
condensers.

One outdoor unit heat
exchanger operates as a
condenser while the other
as an evaporator.

One outdoor unit heat
exchanger operates as a
condenser while the other
as an evaporator.

Both outdoor unit heat
exchangers operate as
evaporators.
Both outdoor unit heat
exchangers operate as
evaporators.

Like the VRF HP model, the calculation procedures of the VRF HR model starts
by obtaining zone load requirements and indoor air temperature and humidity ratio. The
same algorithms of the VRF HR cooling only mode (Mode 1) and the heating only mode
(Mode 6) are used as those in the VRF HP cooling and heating modes as well. However,
the calculation procedures for the VRF HR simultaneous heating and cooling modes in
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the rest cases are more complicated than the VRF HP model. Indoor units effective
evaporating and/or the condensing temperatures are first calculated after indoor unit
required temperature calculations. The variable temperature control strategy is used for
the effective evaporating temperature calculation of the VRF HR model in this chapter. In
the variable temperature control strategy, evaporating and condensing temperatures are
determined using the required, minimum, and maximum evaporating/condensing
temperatures provided by the user as listed in Table 4.2. Then indoor unit condenser
and/or evaporator side piping losses are calculated, which include both the refrigerant
pressure drop and heat loss. Next, the operational mode for simultaneous heating and
cooling (i.e., Mode 2 through Mode 5) is determined based on the loading index
satisfying the indoor unit cooling and heating requirements. Loading index is determined
based on empirical coefficients corresponding to compressor speed. The calculation
method of the loading index is used as the same with the VRF HP model. For example,
for Mode 5, the load index satisfying heating load is higher than that satisfying cooling
load. Detailed calculation procedures for these modes can be found in references
[90][23][91].
4.3

Updated U.S. Climate Locations
Updated simulated office models of each VRF system are placed in 15 different

locations to evaluate the energy performance for NZEB design in various weather
conditions in U.S. Table 4.4 lists the 15 representative U.S. climate locations and their
weather conditions, constructed by the International Energy Conservation Code (IECC)
and identified in ASHRAE Standard 90.1-2013 [93][88]. The weather conditions of
design days are commonly used for load calculations or designing/sizing equipment.
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Table 4.4 also represents maximum dry-bulb temperatures and the wet-bulb temperatures
at the maximum dry-bulb temperature point that are used for sizing calculations of the
VRF systems. For hourly weather files of each location, this chapter uses EnergyPlus
typical meteorological year version 3 (TMY3) weather data from reference [86].

Figure 4.2

ASHRAE climate zones in the United States
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Table 4.4

Climate
zone
1A
2A
2B
3A
3B
3C
4A
4B
4C
5A
5B
6A
6B
7
8

U.S. climate zones and conditions in updated weather files

City (conditions)
Miami, FL
(very hot, humid)
Houston, TX
(hot, humid)
Phoenix, AZ
(hot, dry)
Memphis, TN
(warm, humid)
El Paso, TX
(warm, dry)
San Francisco, CA
(warm, marine)
Baltimore, MD
(mixed, humid)
Albuquerque, NM
(mixed, dry)
Salem, OR
(mixed, marine)
Chicago, IL
(cool, humid)
Boise, ID
(cool, dry)
Burlington, VT
(cold, humid)
Helena, MT
(cold, dry)
Duluth, MN
(very cold)
Fairbanks, AK
(very cold)

Maximum dry-bulb
temperature (ºC)
(design day)

Wet-bulb at maximum
dry-bulb temperature (ºC)
(design day)

Heating

Cooling

Heating

Cooling

8.7

33.2

8.7

25.3

-1.6

36.0

-1.6

24.8

3.7

43.4

3.7

21.1

-8.3

35.6

-8.3

25.2

-5.2

38.1

-5.2

18.1

3.8

28.3

3.8

17.2

-10.6

34.4

-10.6

23.9

-7.9

35.1

-7.9

15.7

-5.6

33.3

-5.6

19.4

-20.0

33.3

-20.0

23.7

-16.3

36.7

-16.3

17.9

-22.4

31.3

-22.4

21.7

-26.3

33.7

-26.3

16.4

-28.6

29.2

-28.6

21.0

-41.9

27.4

-41.9

16.1
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4.4

Net-Zero Energy Building Design
For NZEB design, this chapter considers the Net-Zero Site Energy definition,

defined by National Renewable Energy Laboratory (NREL), with the use of renewable
energy sources available at the building site, and the renewables are directly connected to
the building’s electrical operation system [94]. With this definition, All the NZEBs must
reduce site energy through energy efficiency, such as high efficiency HVAC equipment,
and use on-site renewable energy systems [12]. After adopting the two VRF types for the
high energy-efficient HVAC system in the office buildings, a distributed solar
photovoltaic (PV) system directly connected to the building’s electrical system (i.e.,
transformer with net-metering) is used as a renewable energy system to offset the
remaining energy needs. The Net-Zero Site Energy buildings can be commonly achieved
when the annual net site energy is equal or less than zero [11], as determined by

𝑁(8760)

𝐸𝑁𝑒𝑡𝑆𝑖𝑡𝑒𝑍𝑒𝑟𝑜 = ∑𝑖=1

𝑁(8760)

𝐸𝑢𝑠𝑒𝑑,𝑖 − ∑𝑖=1

𝐸𝑔𝑒𝑛,𝑖 ≤ 0

(4.1)

where 𝐸𝑢𝑠𝑒𝑑,𝑖 and 𝐸𝑔𝑒𝑛,𝑖 indicate the whole building electricity end-use and onsite electricity generation, respectively. With a solar PV system, we assume that netmetering is available on the electrical grid and consider NZEB performance based on the
annual energy balance between energy demand and on-site energy generation on the
building site. Energy sources reflected for the NZEB design are limited to only electricity
usages consumed by all internal/external load and HVAC systems in the prototype office
building with the VRF system.
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4.4.1

Distributed Photovoltaic System
A solar photovoltaic (PV) system is one of the most promising distributed power

technologies, and it can be used on buildings footprint and buildings site areas for on-site
electricity generation [17]. To enable NZEB balances, both roof and parking areas are
considered for solar PV installation in this chapter. EnergyPlus provides several PV
models to predict the on-site electricity, including the equivalent on-diode, the Sandia,
and PVWatts models. This chapter uses the equivalent one-diode model in EnergyPlus
that employs equations for an empirical equivalent circuit model, which is also known as
the “TRNSYS PV” model [95]. An empirical equivalent circuit model consists of a DC
current source, diode, and either one or two resistors to determine the current-voltage
characteristics of a single module such as crystalline PV modules [90]. The PV module
also includes an optional incidence angle modifier correlation to maximize the potential
of on-site power generation by calculating the reflectance variation of the PV model
surface with the angle of incidence of solar radiation [90].
In addition, the cell temperature of the PV module is important because the hotter
the temperature of the PV panel, the lower its electrical output. Therefore, this PV model
reflects empirical relationships of the PV cell surface temperature between ambient and
solar panel surfaces conditions. In EnergyPlus, the cell temperature calculation method
can be chosen by the user in PV back-surface integration modes (e.g., decupled and
integrated surfaces) [90]. The integrated surface outside face mode is used in this study to
calculate PV cell temperature. The EnergyPlus PV component can be also used to
simulate array with any number of modules. User can determine the number of modules
in series and modules in parallel for the entire array by considering the PV panel height
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and the row spacing. For input parameters of the equivalent one-diode model in
EnergyPlus, this chapter adopts the detailed information from the manufactured PV
panel, LG230M1C module [96]. Table 4.5 summarizes performance characteristics of a
solar PV panel.

Table 4.5

Photovoltaic (PV) performance characteristics

PV performance parameter

Value/information

Cell type

Monocrystalline silicon

STC power rating

230 W

STC power per unit of area

142.9 W/m²

Peak efficiency

14.29 %

Panel height

1.63 m

Panel width

0.98 m

Panel active area

1.61 m²

Temperature coefficient of
power
Nominal operating cell
temperature

-0.46 %/K
45 ºC

Panel heat loss coefficient

30 W/ m² K
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Figure 4.3

PV row spacing calculation for fixed roof-mounted and ground-mounted
panels on the winter solstice

Since PV systems require the greatest possible radiation to maximize electric
power generation through ideal array orientation [97], this chapter considers the south
facing and fixed optimum tilt angle that possibly allows the greatest irradiation on each of
the 15 climate locations [98]. Figure 4.3 illustrates fixed roof-mounted and groundmounted PV panels and calculation of the row spacing between PV panels. PV spacing
between rows of PV modules can be calculated based on a site location, PV panel height
and tilt angle, and inter row spacing while avoiding a shading effect on the winter
solstice. For the flat roof instance, 70% of the roof area is assumed to be available for PV
installation [57]. Table 4.6 lists fixed tilt angle and row spacing values of PV installation
for different weather conditions used in this chapter.
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Table 4.6

Fixed tilt angle and row spacing of PV installation for U.S. climate
locations

Climate

City location

Fixed optimum tilt angle,
𝜶 (deg)

PV row spacing
(m)

1A

Miami, FL

27.0

2.3

2A

Houston, TX

28.0

2.5

2B

Phoenix, AZ

31.5

2.7

3A

Memphis, TN

32.0

2.8

3B

El Paso, TX

32.0

2.6

3C

San Francisco, CA

34.0

3.0

4A

Baltimore, MD

37.0

3.3

4B

Albuquerque, NM

35.0

2.9

4C

Salem, OR

36.0

3.8

5A

Chicago, IL

37.0

3.4

5B

Boise, ID

38.0

3.7

6A

Burlington, VT

38.0

3.8

6B

Helena, MT

41.0

4.3

7

Duluth, MN

41.0

4.2

8

Fairbanks, AK

41.0

4.2

The total number of modules in the array is the product of series and parallel PV
modules. Based on the calculated PV row spacing, the maximum PV area on the roof of
the office model is determined to estimate possible numbers of series and parallel PV
panels. This chapter uses about 1,114 m² (11,991 ft²), which is about 67% of the entire
roof area of 1,661 m² (17,879 ft²) for PV installation on the roof. Table 4.7 presents the
number of PV panels on the roof and parking areas and maximum capacities of PV DC
power required to enable NZEB balances for each climate location. Due to increases in
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PV row spacing based on the fixed optimum tile angle, some locations show reduced
numbers of PV panels on the roof areas. A parking area is also considered for additional
PV panels until each simulated NZEB shows satisfactory annual NZEB performance by
matching the annual electric energy usage to the annual on-site electricity generation.

Table 4.7

The number of PV panels and total maximum power outputs of PV
installation
VRF HP

VRF HR

City location

Roof

Parking

PV DC
Power
(kWp)

Roof

Parking

PV DC
Power (kWp)

Miami, FL

450

1380

421

450

1080

352

Houston, TX

450

1270

396

450

1030

340

Phoenix, AZ

450

800

288

450

660

255

Memphis, TN

450

1110

359

450

930

317

El Paso, TX

450

640

251

450

560

232

San Francisco, CA

450

660

255

450

625

247

Baltimore, MD

450

1150

368

450

1000

334

Albuquerque, NM

450

640

251

450

570

235

Salem, OR

400

1210

370

400

1120

350

Chicago, IL

400

1320

396

400

1160

359

Boise, ID

400

930

306

400

850

288

Burlington, VT

400

1340

400

400

1210

370

Helena, MT

350

1090

331

350

1000

311

Duluth, MN

350

1310

382

350

1180

352

Fairbanks, AK

350

1890

515

350

1750

483
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4.4.2

Electrical Grid-Connection Model
One of the main components in PV power generation systems is a DC/AC

inverter to convert DC voltage delivered by PV power generators to AC voltage used by
consumers in buildings [99]. The optimum power generation of a grid-connected PV
system heavily depends on the relative size of PV and inverters [100]. Inverter loading is
typically given as the PV array to inverter sizing ratio, 𝑅𝑠 , calculated [100] as

𝑅𝑠 =

𝑃𝐷𝐶(𝑆𝑇𝐶)
𝑃𝐴𝐶(𝑁𝑜𝑚𝑖𝑛𝑎𝑙)

(4.2)

where 𝑅𝑠 is the PV-to-Inverter sizing ratio, 𝑃𝐷𝐶(𝑆𝑇𝐶) is the PV peak power
measured at Standard Test Conditions (STC: 1000 W/m² and 25 ºC), and 𝑃𝐴𝐶(𝑁𝑜𝑚𝑖𝑛𝑎𝑙) is
the nominal power of the inverter measured at the AC side under nominal conditions.
Typical range of 𝑅𝑠 is between 0.80 and 1.30 to avoid clipping PV outputs and have
proper operation efficiency [101]. This chapter assume that the PV-to-Inverter sizing
ratio is 1.0 in the rated nominal power calculation. EnergyPlus suggests using inverter
characteristics available from data obtained from tests by the California Energy
Commission (CEC) and published in [102]. With the inverter characteristics obtained
from the CEC and the typical range of 𝑅𝑠 , we select the manufactured inverter (Solectria
SGI 300kW - 480Vac). Table 4.8 summaries inverter characteristics. These characteristic
inputs are used for the “Electric Load Center: Inverter: Look Up Table” object in
EnergyPlus. The rated nominal power of the inverter is calculated based on PV DC
powers and 𝑅𝑠 in U.S. climate locations.
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Table 4.8

The inverter characteristics in EnergyPlus

Inverter performance parameter

Value/information

Manufacturer

Solectria SGI 300kW-480Vac

Description

126kW, 480 Vac Commercial
Grid-Tied Solar PV Inverter

Rated maximum continuous output
(Rated nominal power of the inverter)

(PV DC Power) / 𝑅𝑠

Nominal voltage

480 V

Weighted efficiency

98.0 %

Night tare loss

28 W

Output power at
nominal voltage (%
of rated)

10 %

84.9

20 %

90.7

30 %

92.6

50 %

94.1

75 %

94.4

100 %

94.0

The electric load center transformer in EnergyPlus allows feeding the surplus
power from on-site generators to the electrical grid [90]. In this transformer object, the
“Load Center Power Conditioning Type” is used to match voltage between on-site power
generation and total electricity used by a building facility. All surplus electricity
produced by PV power generators can be fed back into the electrical grid through the
main panel operation that is connected to both the utility grid and on-site power
generators of the NZEB. For the transformer performance, the nominal efficiency is set to
97.7% directly obtained from EnergyPlus prototype building’s default value [86]. Figure
4.4 illustrates the PV power generators with net-metering operation for the NZEB model.
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Figure 4.4

4.5
4.5.1

NZEB model with net-metering available on the electrical grid

Results and Discussion
Site Energy Use Intensity for VRF HP and VRF HR Models
This section compares the annual whole building site energy use intensity (EUI)

for VRF HP versus VRF HR to indicate the updated potential of prototype office’s
electricity consumption by VRF types and U.S. climate zones. The annual site EUI
includes heating, cooling, and fan electricity consumed by the VRF systems, as well as
all other part usages such as internal/external lights and equipment and a domestic hot
water system in the prototype office model. Figure 4.5 shows the annual EUIs of each
system model in 15 U.S. climate zones with units of kWh/m²-year. Examining this figure,
we observe, as expected, that the office models with the VRF HR system show less
annual site EUIs when compared to the VRF HP models in all climate zones. For
example, the highest percentage reduction from the VRF HP to HR models is about
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15.3% for 1A climate zone (i.e., Miami, FL), and the lowest percentage reduction is
about 3.4% for 3C climate zone (i.e., San Francisco, CA).
Annual site EUIs reduction varies significantly depending on heating and cooling
consumption, as shown in Figure 4.5. Compared to the VRF HP models, the VRF HR
system can reduce heating and cooling energy usages up to 51.8% and 40.4% for heating
and cooling, respectively, in a 1A climate zone. This energy savings potential of the VRF
HR models are primarily caused by achieving internal heat recovery from cooling zones
to heating zones and providing simultaneous zone cooling and heating operations.
Simulated results also indicate that the high reduction of EUIs could be potentially
achieved when maintaining high simultaneous cooling and heating efficiency of the VRF
HR models during HVAC operation in EnergyPlus. In addition, the VRF HR models use
slightly more fans energy when compared to the VRF HP models, including the range of
between 2-13% throughout the locations. This is primarily due to the use of different
control strategies for VRF indoor units in EnergyPlus. Although the variable temperature
strategy used for VRF HR models can minimize refrigerant temperature differences
between indoor and outdoor units, airflow rates through a VRF terminal unit can be
increased to provide sufficient cooling and heating required by conditioned spaces. The
airflow rate is determined by a mass and energy balance calculation.
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Figure 4.5

Comparison of the annual whole-building site EUIs in U.S. climate zones
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4.5.2

Net-Zero Energy Building Performance
To ensure estimated on-site PV generation is reasonable in various U.S. climate

zones, we compare on-site PV electricity generation with the published results from
National Renewable Energy Laboratory (NREL)’s PV generation model, which is
calculated based on the PVWatts model [103]. Figure 4.6 shows the power potential of
on-site PV systems in U.S. climate zones with units of kWh/kWp. Estimated power
generation from the EnergyPlus’s model shows good agreements in most climate zones,
but there are slight discrepancies between two models in several locations. This is
expected each model uses different version of TMY weather files and calculation
algorithms in their calculation process. For example, the amount of global horizontal
irradiance can be different in each version of TMY weather files.

Figure 4.6

Comparison of estimated on-site PV power generation in U.S. climate
zones
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Figure 4.7 depicts the scatter plots of each NZEB balance in each of 15 U.S.
climate locations. Annual electric site energy usages of the entire office building model
are compared against annual on-site PV electric generation to assess NZEB performance
for each climate location. The ratio of y-axis to x-axis should be 1 or greater to be
achieve NZEBs and this figure shows those results. Examining this figure, we recognize
that most of the office building models for VRF HP and HR systems show acceptable
NZEB preference. As expected, the VRF HR models indicate the reduced range of annual
site EUIs when compared to the VRF HP models. For example, the VRF HR models
include the range of between 79-102 kWh/m²-year in 15 climate locations, while the VRF
HP models include that of between 82-120 kWh/m²-year in terms of annual site EUIs.
With these NZEB balances for 15 U.S. climate zones, solar PV installation capacities and
costs are further estimated for LCCA of NZEBs.
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Figure 4.7

4.5.3

Annual electric energy use versus on-site electricity generation for each
NZEB in U.S. climate zones

Cost Analysis of Distributed Photovoltaic System
The costs of renewables initial installation are a necessary part of the cost-

effectiveness analysis for NZEBs. This part presents the comparison of PV initial
installation costs for each NZEB alternative in the updated U.S. climate zones. Using the
VRF HR system in office building models, the PV capacities for NZEBs can be reduced
while maintaining the similar net energy through net-metering. PV installation costs (i.e.,
initial investment costs) of each alternative are compared in Figure 4.8. To compare
results obtained from PV installation costs, Eq. (4.3) is used as the percentage savings
metrics. Cost savings ($), on y-axis from Figure 4.8, for the VRF HR models can be
calculated by simply subtracting the PV installation cost of the VRF HR models from that
of the VRF HP models.
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𝐶𝑜𝑠𝑡𝑠𝑎𝑣𝑖𝑛𝑔 (%) =

Figure 4.8

𝐶𝑜𝑠𝑡𝑉𝑅𝐹 𝐻𝑃 −𝐶𝑜𝑠𝑡𝑉𝑅𝐹 𝐻𝑅
𝐶𝑜𝑠𝑡𝑉𝑅𝐹 𝐻𝑃

× 100

(4.3)

Comparison of PV installation costs for NZEBs in U.S. climate zones

For the VRF HR models, the PV installation costs are reduced against the VRF
HP models in the all climate zones, including the range of between 3-15%. Comparing
PV installation costs as a percentage of costs reduction, the highest and lowest percentage
savings are around 15% ($93,781 annual savings) and 3% ($17,210 annual savings) for
Miami, FL and for San Francisco, CA, respectively. Although annual electric power
generation (kWh/kWp-year) by PV systems can be varied typically according to weather
conditions and locations, the installation capacity needed to enable NZEB balances
heavily depends on the trend of each annual site EUI. In addition, the initial investment
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cost reduction shows similar patterns in most U.S. climate locations to the trend of annual
EUI reductions shown in Figure 4.8.
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CHAPTER V
LIFE-CYCLE COST ANALYSIS (LCCA) OF NET-ZERO ENERGY BUILDING
(NZEB) WITH VRF HEAT PUMP (HP) AND HEAT RECOVERY (HR)
The net-zero energy building (NZEB) concept has been considered as one of the
remedies to reduce electric energy use and achieve increased energy efficiency in
buildings. However, economic issues are one of primarily concerns by building owners
and designers for the application of advanced building technologies (e.g., high energyefficient systems and renewable energy systems) in NZEB design of their retrofit or new
building construction. In general, those technologies tend to introduce increased
investment costs, and various cost aspects can be recognized when advanced technologies
are applied for enabling NZEBs. However, the lack of life cycle cost (LCC) data has still
hindered reliable understanding of adopting NZEB design by building owners in a costeffective manner. In response to this gap, this study conducts life-cycle cost analysis
(LCCA) of NZEB design with an energy-efficient heating, ventilation, and air
conditioning (HVAC) system and a solar power generation system. To perform LCCA of
NZEBs throughout study period, the U.S. DOE Federal Energy Management Program’s
(FEMP) approach is used by considering reduced building operation costs and other cost
implications, such as VRF and PV systems.
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5.1

Life-Cycle Cost Analysis of Net-Zero Energy Buildings
To evaluate LCCA of this NZEB evaluation, the chapter uses methods and

economic assumptions consistent with the Federal Energy Management Program’s
(FEMP) approach of the U.S. Department of Energy (DOE) [104]. The FEMP main
objective is to evaluate the cost effectiveness of potential energy and renewable energy
projects for building applications. In this approach used in Handbook 135 [104], LCCA
includes both the LCC method and several supplementary measures of economics
performance, such as Net-Savings (NS) and Savings-to-Investment Ratio (SIR). For the
supplementary measures, this study only considers NS and Discounted-Payback (DPB)
measures. Hence, LCCA of this study is examined in three categories: the total LCC
present value, NS, and DPB. Note that this study does not consider any potential
environmental impacts of a product or a service in the LCC calculation, rather focuses
only on the cost effectiveness of NZEBs with the VRF systems.
5.1.1

LCC Formula for NZEB-Related Project
The present value cost technique is used to examine total LCC of NZEBs with the

two VRF systems (i.e., VRF HP and HR) and a distributed power generation system. The
total present value covers initial investment cost of HVAC and the PV systems as well as
future costs, such as annual energy costs, and annual maintenance and capital
replacement costs for an office building. To calculate total LCC of a baseline case, this
study uses a simplified LCC formula [104], and the formula can be stated as follows:

𝐿𝐶𝐶𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑡 = (𝐷𝐹𝑆𝑃𝑉0 × 𝐼0 ) + (𝐷𝐹𝑆𝑃𝑉𝑡 × 𝑅𝑒𝑝𝑙𝑡 ) + (𝐷𝐹𝐹𝐸𝑀𝑃 𝑈𝑃𝑉 ∗ 𝑡 × 𝐸𝑡 ) +
(𝐷𝐹𝑈𝑃𝑉𝑡 × 𝑂𝑀&𝑅𝑡 )

(5.1)
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where 𝐼 is present value investment costs, 𝑅𝑒𝑝𝑙 is present value capital
replacement costs, 𝐸 is present value energy costs, and 𝑂𝑀&𝑅 states present value nonfuel operating, maintenance, and repair costs. Subscripts 𝑡 and 0 indicate a study year and
an initial year of LCCA, respectively. 𝐷𝐹 indicates each of the discount factors. Three
discount factors are used for total LCC with respect to a given study year, including
single present value (SPV), uniform present value (UPV), and FEMP uniform present
value (FEMP UPV*) factors. The discount factor is a scalar number by which an amount
is multiplied by the LCC formula terms to calculate its present value, and each present
value is summed in a total LCC calculation for the baseline. Each term of the LCC
formula, Eq. (5.1), can be calculated based on the discount factors and each cost-item
value. Each cost-item value for HVAC equipment can be written as in Eqs. (5.2) through
(5.4).

𝐼0 = 𝐼𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝐶𝐶𝐼𝑐𝑖𝑡𝑦 × 𝑆𝐹𝑜𝑓𝑓𝑖𝑐𝑒

(5.2)

𝑅𝑒𝑝𝑙𝑡 = 𝐶𝑟𝑒𝑝𝑙𝑎𝑐𝑒 × 𝐶𝐶𝐼𝑐𝑖𝑡𝑦

(5.3)

𝑂𝑀&𝑅𝑡 = 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 × 𝐶𝐶𝐼𝑐𝑖𝑡𝑦

(5.4)

where 𝐼𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is initial investment costs, 𝐶𝑟𝑒𝑝𝑙𝑎𝑐𝑒 is capital replacement costs,
𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 is maintenance and repair costs, 𝐶𝐶𝐼𝑐𝑖𝑡𝑦 is a city cost index, and 𝑆𝐹𝑜𝑓𝑓𝑖𝑐𝑒 is
a size modifier factor. This chapter considers cost-related index and factor (i.e., city cost
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index and size modifier factor) to compute more reliable LCC data. The weighted
average values of each representative city cost index are directly obtained from the
literature [105] and multiplied by each cost value. For a medium-sized office building
model, 0.92 of a size modifier factor is used for only the initial investment cost
calculation. Capital replacement and maintenance costs used in this chapter do not reflect
any size modifier factors because those values are directly taken from the case study of a
medium-sized office building [106]. In addition, the present value energy cost can be
calculated by simply multiplying the annual electricity usage by the unit kWh cost of
each city as

𝐸𝑡 = 𝐸𝑢𝑠𝑒𝑑 × 𝐸𝑃𝑐𝑖𝑡𝑦

(5.5)

where 𝐸𝑢𝑠𝑒𝑑 is the whole building energy use of each model with units of
kWh/year in the updated 15 U.S. climate locations and 𝐸𝑃𝑐𝑖𝑡𝑦 is electrical energy prices
with units of $/kWh for each climate location. For two alternatives (i.e., NZEBs with
VRF HP and VRF HR systems), the terms that cover cost items of related solar PV
system are added to the LCC formula of the baseline, and the total LCC of NZEBs can be
calculated as

𝐿𝐶𝐶𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒,𝑡 = [𝐷𝐹𝑆𝑃𝑉0 × (𝐼0 + 𝐼𝑃𝑉,0 )] + [𝐷𝐹𝑆𝑃𝑉𝑡 × 𝑅𝑒𝑝𝑙𝑡 ] + [𝐷𝐹𝐹𝐸𝑀𝑃 𝑈𝑃𝑉 ∗𝑡 ×
𝐸𝑁𝑍𝐸𝐵,𝑡 ] + [𝐷𝐹𝑈𝑃𝑉𝑡 × (𝑂𝑀&𝑅𝑡 + 𝑂𝑀&𝑅𝑃𝑉,𝑡 )]
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(5.6)

where 𝐼𝑃𝑉,0 and 𝑂𝑀&𝑅𝑃𝑉,𝑡 indicate an initial investment cost and
maintenance/repair costs of a solar PV system, respectively. Each additional term for
solar PV generation can be found with the capacity of PV DC power and a city cost index
by Eqs (5.7) and (5.8).

𝐼𝑃𝑉,0 = 𝐶𝑎𝑝𝑃𝑉 𝐷𝐶 × 𝐼𝐶𝑃𝑉 × 𝐶𝐶𝐼𝑐𝑖𝑡𝑦

𝑂𝑀&𝑅𝑃𝑉,𝑡 = 𝐶𝑎𝑝𝑃𝑉 𝐷𝐶 × 𝐶𝑃𝑉 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 × 𝐶𝐶𝐼𝑐𝑖𝑡𝑦

(5.7)

(5.8)

where 𝐶𝑎𝑝𝑃𝑉 𝐷𝐶 is the capacity of a PV system with units of kWp based on the
DC power capacity, 𝐼𝐶𝑃𝑉 is a PV installation price with units of $/kWp, and
𝐶𝑃𝑉 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 is a accumulated price associated with PV system maintenance and
replacement costs with units of $/kWp-year.
Note that although an original LCC formula for building related projects includes
residual and water present value terms, we drop out the two terms and make it simpler in
this chapter because the chapter focuses more on HVAC and PV systems for the longterm cost effectiveness of NZEBs.
5.1.2

Net-Savings
The Net-Savings (NS) is one of supplementary metrics of LCCA, which is

estimated through a variation of the net benefits measure of economic performance of a
building project [104]. The net benefits can be varied according to positive cash flows
between baseline and alternative cases. With the net benefits measure, the NS method can
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be typically used to show cost effectiveness of a new designed case to a designated
baseline case, and it can be applied when the net benefits occur primarily in the form of
future operational cost reductions. The NS method calculates the net amount (i.e.,
present-value dollars) that alternatives are expected to save over the designated study
period. The NS for alternatives versus a designated baseline can be computed by simply
subtracting the LCC of the alternative from the LCC of the baseline. The formula for the
NS can be written as

𝑁𝑆𝐵𝑎𝑠𝑒−𝐴𝑙𝑡. = 𝐿𝐶𝐶𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝐿𝐶𝐶𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠

(5.9)

where 𝐿𝐶𝐶𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the total LCC of baseline (i.e., an office building model with
VRF HP) and 𝐿𝐶𝐶𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 is the total LCC of alternatives (i.e., NZEB with VRF HP
and HR systems.
5.1.3

Discounted Payback Analysis
The profitability of newly designed energy technologies is typically measured

through its payback (PB) period [104]. The PB analysis provides the amount of time that
initial investment will be break even with total operation and maintenance savings. There
are two types of the PB method commonly used in the economic analysis, including
simple payback (SPB) and discounted payback (DPB). The SPB analysis is more
frequently used in most practical applications, but ignores the time-value of money (i.e.,
discounted cash flows) in the payback calculation. On the other hand, the DPB analysis
requires that cash flows in the time horizon be discounted to present each year value
before accumulating them as savings and costs. Because the DPB provides the most
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accurate method in the economic analysis of building applications, it is the only LCCA
supplementary measure method considered in this study. The DPB can be calculated as

∑𝑦𝑡=1

[𝐸𝑃𝐼𝑈.𝑆. 𝑎𝑣𝑔,𝑡 ×∆𝐸𝑡 +∆𝑂𝑀&𝑅𝑡 ]
(1+𝑑)𝑡

≥ ∆𝐼0

where ∆𝐸𝑡 is annual savings in energy costs, 𝐸𝑃𝐼𝑈.𝑆.

𝑎𝑣𝑔

(5.10)

is the U.S. average value

of an energy price index, 𝑑 is discount rate with respect to year, 𝑡 , and ∆𝐼0 is an
additional initial investment cost from the baseline. This equation results in an integer
solution to the payback period with respect to the baseline.
5.1.4

LCC Parameters and Cost Data Assumption
Because LCCA can result in a wide and complex range according to the specifics

of each analysis (e.g., time and costs), it is important to make appropriate data
assumptions in structuring the economic analysis. LCCA parameters and the inclusion of
assumptions in this study follow the FEMP approach guidelines [104], and some cost
data of VRF systems is assumed based on references [106][107][108][109]. Table 5.1
summarizes the parameters used in this LCCA. The study period is assumed to be 20
years, from January 2018 through December of 2037, based on the service life of the
considered HVAC systems [107]. To calculate the factor that converts the amount of
future costs to present values, this study reflects the discount rate in the LCC calculation.
The discount and inflation rates that the National Institute of Standards and Technology
(NIST) has established for 2018 [108] are shown in Table 5.1. Initial investment costs are
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assumed to occur at 2018, and the beginning of the service period for capital replacement
and maintenance/repair costs is also assumed to be 2018.

Table 5.1

LCCA parameters

Parameters

Value

Reference

Study period, years

20

Park, 2013 [107]

Discount rate, real

3.0%

Discount rate, nominal

2.8%

Treatment of inflation

Constant dollars (-0.2%)

Start year (Base date)

2018

Assumed

Service date year

2018

Assumed

End year

2037

Assumed

Lavappa and Kneifel, 2018
[108]
Lavappa and Kneifel, 2018
[108]
Lavappa and Kneifel, 2018
[108]

For LCCA, investment-related and operational costs (i.e., initial and future costs)
are mainly considered in this chapter, while there are various ways of classifying the cost
components of LCCA. The initial cost indicates the costs incurred in the planning,
design, construction and/or acquisition phase of a building related project, including a
building HVAC system or a renewable system. The costs for replacement, annual
maintenance/repair (i.e., OM&R), and system operation during its service period are
classified as the future costs. LCCA following the FEMP approach requires initial
investment costs, system operation costs, and OM&R costs of both the baseline and the
alternatives in the total present value calculation throughout the time horizon of study
period. This analysis is intended to show the impact of each increased component cost for
NZEBs with VRF HP and HR systems. Because the initial investment cost of VRF
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systems varies highly depending on the manufacturer, system configurations, and
equipment provider, this study adopts the average value for the initial investment cost of
the VRF HP system based on several different cost values in references
[106][107][110][111][112]. Table 5.2 lists cost-items values and sources of each
component used in this chapter. For capital replacement costs of the VRF HP system, this
chapter uses fan coil motor, refrigerant, and incremental replacement costs directly taken
from reference [106]. Fan coil filter and cleaning maintenance costs are considered as
annual OM&R costs in this LCC calculation. The year of occurrence for each cost
component will be discussed in the next section.
The solar photovoltaic (PV) installation pricing highly depends on region and
project specifics such as local retail electricity rate structure, local rebate and incentive
structures. Therefore, this chapter assumes PV installation costs based on published
information of PV costs. The U.S. national benchmark report [109] provides the costs of
a commercial-scale PV system by installed capacities and locations in the top U.S. PV
markets. The U.S. average value of commercial-scale system costs directly obtained from
the benchmark report is used in this LCCA. The cost of commercial-scale PV systems, as
shown in Table 5.2, includes around 1.73 to 1.81 $/Wp-DC and 17.5 $/kWp-DC/year for
initial investment and total annual OM&R costs. With those cost values, LCCA of
NZEBs is performed to evaluate the cost-effectiveness of enabling NZEB balances with
the two VRF types.

109

Table 5.2
System
Type

VRF
HP

Cost information of VRF and PV systems for LCCA
Cost component

Value

Initial investment cost ($/ft²)

20.2

Fan coil motor replacement cost ($/ft²)

0.20

Refrigerant replacement cost ($/ft²)

0.014

Incremental replacement cost ($/ft²)

1.714

Annual OM&R cost:
Fan coil filter ($/ft²)
Annual OM&R cost:
Check/clean ($/ft²)
VRF
HR

0.040
0.015

Reference
Average value based on
[106][107][110][111][1
12]
Thornton and Wagner,
2012 [106]
Thornton and Wagner,
2012 [106]
Thornton and Wagner,
2012 [106]
Thornton and Wagner,
2012 [106]
Thornton and Wagner,
2012 [106]
Assumed based on
inputs from
manufactured data

Each component of VRF HP

5% up

Initial investment cost ($/kWp)

1.73-1.81

Fu et al., 2018 [109]

Total annual OM&R cost ($/kWp)

17.5

Fu et al., 2018 [109]

PV

Figure 5.1 also presents each discount factor and index used for LCCA [108]. The
electricity price of each representative climate location, provided in Figure 5.1 (b), is
found from the U.S. Energy Information Administration (EIA). The single present value
(SPV) factor is used for initial and each replacement costs to yield the present value of
each one-time amount. For the uniform present value (UPV) factors, this chapter uses
UPV-Uni and FEMP UPV* factors for annually recurring non-fuel OM&R costs and
energy costs, respectively [104].
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Figure 5.1

Discount factor and index for LCCA: (a) SPV, UPV, and fuel price index
and (b) Electricity price and city cost index
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5.1.5

Cash Flow Diagram for LCCA of NZEB
Figure 5.2 depicts a cash flow diagram for LCCA of the baseline case. Since it is

assumed that a VRF HP system is used for the baseline, the initial investment cost of a
VRF HP system for each office building model is assumed to be phased in the start year.
Annual recurring costs (i.e., operation energy costs and OM&R costs) begin to be
incurred at the beginning of the study period as well because it is assumed that both base
date and service date years are phased in the same year. The annual operation and OM&R
costs are discounted to present values from the end of each year thereafter until the end of
the study period based on discount factors from Annual supplement document to NIST
Handbook 135 [108]. In addition, capital replacement costs are charged for the fan coil
motor and refrigerant after 10 years of service period, and the incremental replacement
cost occurs every 15 years of service period, as shown in Figure 5.2.

Figure 5.2

Cash flow diagram for LCCA of the baseline
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Figure 5.3

Cash flow diagram for LCCA of the alternatives (the NZEBs)

The cash flow diagram in Figure 5.3 reflects the assumptions for the NZEBs cases
(i.e., alternatives). The cash flow diagram for the alternatives (i.e., NZEBs with VRF HP
and HR systems) is analogous to the baseline, but there are several cost-items of a PV
system added to the baseline cash flow for enabling NZEB performance. The major
difference is that the initial investment and total annual PV OM&R costs are considered
for the alternatives. In addition to additional initial and future costs of a PV system, the
annual site electricity use of each office building is mostly counterbalanced by annual onsite PV electricity generation as shown in Figure 5.3. The annual accumulated PV
OM&R costs include PV panel cleaning and vegetation management, system inspection
and monitoring, component parts replacement, module replacement, inverter
replacement, and operations administration [109] in terms of installed PV DC capacities.
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5.2

Results and Discussion
This section presents results obtained from LCCA of NZEBs when VRF HP and

HR systems are used to efficiently enable NZEB performance of office building models
in various U.S. climate locations. Since LCCA is particularly suitable for the evaluation
of building or system design alternatives compared to a base case [104], this chapter
considers the original medium-sized prototype office model in which the VRF HP system
is implemented as a baseline in this LCC calculation. With the LCC performance of the
baseline, the comparative analysis is made to evaluate the long-term cost effectiveness of
two different alternatives using the LCC method and the certain supplementary measures
of economics performance used in NIST Handbook 135 [104]. In the first part, the total
LCC present values are discussed to evaluate the cost-effectiveness of the two NZEB
cases. Supplementary measures, such as Net-Savings (NS) and Discounted-Payback
(DPB) periods, are then discussed to investigate variations of the net benefits measures of
economic performance of a NZEB project.
5.2.1

LCC Present Values of NZEB Model
To determine the relative cost-effectiveness of mutually exclusive alternatives, the

life-cycle cost (LCC) values need to be compared for the baseline versus each alternative
by accepting the alternative with the lower LCC as the preferred system design. The LCC
values of the baseline and alternatives are determined by Eq. (5.1) and Eq. (5.6),
respectively, with the same assumptions such as the study period, economic base data,
and service data. Each cash flow diagram for LCCA of both baseline and alternatives is
also seen in Figure 5.2 and Figure 5.3 to illustrate the detailed cost-items over the service
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period. Based on the LCCA discussed in Section 5.1, the total LCC present values are
calculated and compared for the baseline versus each alternative.
Figure 5.4 compares the LCC present values of two alternatives with the baseline
in U.S. climate locations in terms of the given study period (i.e., 20 years in this chapter).
As seen in this figure, the trend of the comparative LCC present values for alternatives
from the baseline can be varied according to climate locations. For example, for a 2B and
3B climate locations (i.e., Phoenix, AZ and EI Paso, TX), we observe that LCC present
values of alternatives are much lower than that of the relevant baseline. This aspect is
primarily due to an effect of PV initial costs. Since the potential of on-site PV power
generation (kWh/kWp) is relatively high, PV installation capacities to enable NZEB
balances can be reduced and thus PV initial costs of two locations are lower than others
as shown in Figure 4.6 and Figure 4.7. Similarly, some other locations such as 1A, 2A,
and 3A climates result in reduced LCC patterns from each relevant baseline, but the
amount of LCC reductions is lower when compared to the 2B and 3B climate locations. It
is also interesting to note that the locations such as 1A, 2A, 3A, and 6A climates
represent the considerable amount of LCC reductions between two alternatives. The
effect on those reductions is expected because the VRF HR reduces electricity used for
cooling and heating and thus require fewer PV modules to achieve NZEB, while the VRF
HR increases the initial cost of HVAC equipment.
Conversely, for some locations such as 4C, 5A, and 8, the LCC present values of
alternatives are considerably larger than that of the baseline when compared to other
locations. The effect on the increases in the LCC values is two-sided. On the one hand,
the potential of on-site PV power generation (kWh/kWp), as shown in Figure 4.6, is
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lower, and thus relatively more PV installation costs are expected for reaching NZEB
balances, while the portion of electricity end-use costs (i.e., annual operation costs of the
baseline) in whole LCC cost-items is lower compared to other locations. On the other
hand, city cost indices used for LCCA are relatively high, which also introduces the
increases in both PV initial and OM&R costs. In addition, examining a 3C location (San
Francisco, CA), it is observed that alternatives can reduce significant LCC values from
the baseline, but comparing two alternatives, the LCC values of NZEB with the VRF HR
is higher than that of NZEB with the VRF HP. This is because of a combined effect of an
electricity price and the potential of on-site PV power generation, as well as a city cost
index of the location. Since San Francisco, CA has a relatively high electricity price and
potential of annual PV power generation, as shown in Figure 5.1 (b) and Figure 4.6,
enabling NZEBs can provide an attractive way to achieve high LCC reductions.
However, using the VRF HR for the NZEB, the LCC value of the NZEB tends to be
increased due to high initial costs, which is caused by a city cost index. Thus, there is less
savings potential of the annual EUI when compared to the VRF HP model. It is
worthwhile to mention that since LCC calculation involves a various combined effect of
cost items, it is necessary to consider not only cost savings of a building-related system
but also cost savings potential of renewable energy systems to appropriately evaluate
LCCA of NZEBs in various weather conditions.
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Figure 5.4

Comparison of LCC values for baseline versus alternatives in U.S. climate
zones
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Examples of LCCA, as shown in Table 5.3 through Table 5.5, summarize the data
inputs and the calculated LCC present values for the baseline and alternatives,
respectively, at Miami, FL. For the baseline, Table 5.3 lists each cost-item value, their
time of occurrence, the appropriate discount factors for a 3% discount rate, each present
value, and the total LCC present values. It reflects the assumptions described in detail in
Section 5.1, and Figure 5.2 also shows the cash flow diagram for their frequency of each
cost item occurred. Since it is assumed costs are phased in during the same period, the
base date and the service data of this LCC calculation coincide as shown in Figure 5.2.
City cost indices are used for most cost-items only except for energy operation costs
because electricity costs are determined based on each location-level electricity price in
U.S. The single present value (SPV) factor is used for initial and each replacement costs
to yield the present value of each one-time amount. For the uniform present value (UPV)
factors, this chapter uses UPV-Uni and FEMP UPV* factors for annually recurring nonfuel OM&R costs and energy costs, respectively. In this LCCA, the FEMP UPV* factor
is adopted for calculating the present value of the operation cost at a discount rate of 3%
for a U.S. average value of commercial sector. In addition, the UPV-Uni factor for nonfuel OM&R costs used in this calculation are obtained in a similar fashion. The last
column of Table 5.3 shows each of the calculated present value cost and the total LCC
present value for the baseline by summing all cost-item categories.
Table 5.4 and Table 5.5 show examples of the LCC summary for alternatives at
the same location (i.e., Miami, FL). For alternatives, the cost-items of solar PV power
generation such as PV initial installation and annual maintenance/rapier costs are added
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to the LCC calculation. With the assumption of base date costs described in Section 5.1,
discount factors and their frequency of occurrence are determined in the same manner
compared to the baseline’s LCC calculation. The last column of Table 5.4and Table 5.5
shows each of the calculated present value cost category and the total LCC present values
for two alternatives, respectively.

Table 5.3

An example of LCC summary for the baseline at Miami, FL

Cost Items

Base Data
Cost (a)

City
Cost
Index
(b)

Building
Sizing
Factor
(c)

Final
Initial
HVAC
Investment
Cost
(d)=(a)*(b)
*(c)

Year of
Occurre
nce
(from
base
data)

Discount
Factor
Type
(year)

Discount
Factor
Value
(e)

Present
Value
(f)=(d)*( e)

Initial
HVAC
Investment
Cost ($)

1,083,282

0.82

0.92

820,218

1

SPV (1)

0.97

796,328

Capital
replacement:
Fan Coil
Motor ($)

10,726

0.82

-

8,827

10

SPV (10)

0.74

6,568

10,726

0.82

-

8,827

20

SPV (20)

0.55

4,887

Capital
replacement:
Refrigerant
($)

772

0.82

-

636

10

SPV (10)

0.74

473

772

0.82

-

636

20

SPV (20)

0.55

352

Capital
replacement:
Incremental
($)

91,918

0.82

-

75,649

15

SPV (15)

0.64

48,556

Electricity
($)

54,423

-

-

-

Annual

FEMP
UPV*
(20)

15.50

843,563

OM&R: Fan
Coil Filter &
Check/clean
($)

2,928

0.82

-

2,410

Annual

UPVUni (20)

14.88

35,852

Total LCC

1,736,579
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Table 5.4

An example of LCC summary for the alternative (NZEB with VRF HP) at
Miami, FL
Buildin
g
Sizing
Factor
(c)

Final
Initial
HVAC
Investment
Cost
(d)=(a)*(b)
*(c)

Year of
Occurre
nce
(from
base
data)

Discount
Factor
Type
(year)

Discount
Factor
Value
(e)

Present
Value
(f)=(d)*( e)

Cost Items

Base
Data Cost
(a)

City
Cost
Index
(b)

Initial
HVAC
Investment
Cost ($)

1,083,282

0.82

0.92

820,218

1

SPV (1)

0.97

796,328

Capital
replacement:
Fan Coil
Motor ($)

739,534

0.82

-

608,636

1

SPV (1)

0.97

590,909

10,726

0.82

-

8,827

10

SPV (10)

0.74

6,568

Capital
replacement:
Refrigerant
($)

10,726

0.82

-

8,827

20

SPV (20)

0.55

4,887

772

0.82

-

636

10

SPV (10)

0.74

473

Capital
replacement:
Incremental
($)

772

0.82

-

636

20

SPV (20)

0.55

352

Electricity
($)

91,918

0.82

-

75,649

15

SPV (15)

0.64

48,556

OM&R: Fan
Coil Filter &
Check/clean
($)

-327

-

-

-

Annual

FEMP
UPV*
(20)

15.50

-5,069

Total LCC

1,569,044
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Table 5.5

An example of LCC summary for the alternative (NZEB with VRF HP) at
Miami, FL

Building
Sizing
Factor
(c)

Final
Initial
HVAC
Investment
Cost
(d)=(a)*(b)
*(c)

Year of
Occurre
nce
(from
base
data)

Discount
Factor
Type
(year)

Discount
Factor
Value
(e)

Present
Value
(f)=(d)*( e)

Cost Items

Base
Data Cost
(a)

City
Cost
Index
(b)

Initial
HVAC
Investment
Cost ($)

1,137,446

0.82

0.92

861,229

1

SPV (1)

0.97

836,145

625,583

0.82

-

514,855

1

SPV (1)

0.97

499,859

11,262

0.82

-

9,268

10

SPV (10)

0.74

6,897

11,262

0.82

-

9,268

20

SPV (20)

0.55

5,132

811

0.82

-

667

10

SPV (10)

0.74

497

Capital
replacemen
t:
Incrementa
l ($)

811

0.82

-

667

20

SPV (20)

0.55

369

Electricity
($)

96,514

0.82

-

79,431

15

SPV (15)

0.64

50,984

OM&R:
Fan Coil
Filter &
Check/clea
n ($)

-186

-

-

-

Annual

FEMP
UPV*
(20)

15.50

-2,888

Capital
replacemen
t: Fan Coil
Motor ($)
Capital
replacemen
t:
Refrigerant
($)

Total LCC

5.2.2

1,510,041

Net-Savings Analysis of NZEB Models
Net-Savings (NS) is one of the primary LCC supplementary measures required by

the FEMP LCC guideline to evaluate economic performance for investments with respect
to a designated baseline [104]. Since the NS value is simply the difference in the LCC
values between the baseline and alternatives, NS values can be easily calculated for two
alternatives from the baseline for the study period using Eq. (5.9). Figure 5.5 shows each
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of NS values for alternatives in U.S. climate zones. Positive variation of the NS indicates
that the LCC of an alternative is lower than that of the relevant baseline, and the
alternative is cost-effective when compared to the baseline.

Figure 5.5

Comparison of Net-Savings values for baseline versus alternatives in U.S.
climate zones

This figure shows clearly that NSs vary significantly by climate zones and by
each alternative. As discussed in previous sections, this aspect is primarily due to a
combined effect of annual site EUIs, the potential of on-site power generation, and each
of cost assumptions, as well as electricity prices and city cost indices in U.S. climate
locations. For NZEBs with both the VRF HP and HR systems, NS values are
considerably larger in the climate zones (e.g., 2B, 3B, 4A, and 4B) with more than 14%
of NS values, compared to some climate zones (e.g., 1A, 2A, 5B, and 6B) with less than
7% of NS values, respectively. Conversely, NZEBs has negative effects on the economic
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performance in the certain climate zones when compared to the baseline. For example,
NZEBs include negative values for the locations in 4C, 5A, and 8 climate zones, which
indicates that the LCC values of alternatives are higher than the baseline. Based on the
calculated NS values, we can further determine the cost-effectiveness of alternatives for
investments with respect to the baseline in certain U.S. climates.
5.2.3

Discounted Payback Analysis of NZEB Models
For economic analysis of a capital investment for each NZEB alternative, this

chapter uses discounted payback (DPB) determined by Eq. (5.10). DPB analysis
estimates the time required to recover initial investment costs with respect to a designated
baseline. The end-of-year fuel price indices, shown in Figure 5.1 [108], corresponding to
the service years of LCCA are used for the DPB analysis. Figure 5.6 shows comparison
of DPBs for each alternative in U.S. climate zones. As seen in Figure 5.6, it is observed
that DPBs are around 10 through 22 years according to representative climate zones.
Several climate zones, such as 4C, 5A, and 8, become unattractive by including over 25
years of DPBs. The lowest DPB is around 9 years and 10 years for NZEB with VRF HR
and VRF HP systems, respectively, when the DPBs of the alternatives with respect to the
baseline are considered in a 2B climate zone (Phoenix, AZ). The DPBs of alternatives in
some mild locations are more attractive, including around 9-12 years and 10-13 years of
DPBs for the VRF HP and VRF HR systems, respectively.
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Figure 5.6

Comparison of discounted payback (DPB) for alternatives in U.S. climate
zones
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CHAPTER VI
CONCLUSIONS
This dissertation analyzed the potential of VRF systems to reduce building energy
consumption and use them as a high energy-efficient HVAC system in a commercial
building for enabling NZEB design in U.S. climate locations. This dissertation first
introduced the issues with energy consumption in the building sector and then discussed
effective means to reach feasible long-term goals of building energy reductions (i.e.,
NZEB design with high energy-efficient building technologies and renewable energy
systems) for the coming decades. In CHAPTER I, a number of recent studies were also
reviewed to identify potential benefits from VRF systems and the NZEB goals for energy
reductions in buildings. Based on the background addressed in CHAPTER I, the
objectives were set up to attempt to demonstrate their feasibility and potential in energyefficient and cost-effective manners on the national scale in U.S.
In CHAPTER II, modeling and calibration of a VRF HP system with a DOAS
was performed using the modified EnergyPlus program based on the measured data from
the test facility (i.e., two-story flexible research platform (FRP)), developed by ORNL.
Energy consumption and properties (e.g., temperature and air flow rate) at each part of
the VRF-DOAS were measured for 25 days during cooling and heating periods. The
calibration processed in three main stages: (1) VRF-DOAS source code modification of
EnergyPlus 8.1, (2) building load calibration, and (3) VRF-DOAS system updates for
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final calibration until the statistical comparison showed acceptable match under the
criteria defined in the ASHRAE Guideline 14-2014.
The calibration results showed that hourly CV-RMSE and NMBE would be
within 15.7% and 3.8%, while an uncalibrated model error was about 32.3% and 10.9%
for hourly CV-RMSE and NMBE, respectively. The results also showed that the wholebuilding energy usage after a detailed calibration of the VRF-DOAS model was 1.9%
(78.8 kWh) lower than that of the measurements during comparison period. These results
indicated that after the proper calibration with detailed monitored building performance
data, the heat pump type VRF-DOAS model could reasonably predict the performance of
the actual VRF HP system under the criteria defined in ASHRAE Guideline 14-2014. In
addition, it would be preferred to calibrate the simulated building envelope load with the
DOAS unit before performing HVAC system level calibration whenever it is possible.
Based on this chapter, future research should include the investigation of proper control
strategies to reduce HVAC energy consumption with maintaining good indoor air quality
(IAQ).
CHAPTER III evaluated and compared the energy performance of the VRF HP
and the RTU-VAV systems using a whole-building energy modeling tool, EnergyPlus, in
various weather conditions in the U.S. climate zones. In this chapter, the EnergyPlus
prototype medium office models, which was complied with the minimum energy code
requirements prescribed in ASHRAE Standard 90.1-2010, were used for the RTU-VAV
system and modified to model the VRF HP system by replacing the VAV system with the
VRF system. Sixteen (16) representative locations corresponding with the U.S. climate
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zones identified in ASHRAE Standard 90.1-2010 were used for this study to demonstrate
the energy savings potential of the VRF system from the RTU-VAV system.
Results from this simulation-based analysis in this chapter showed that cold
climate locations generally tended to show more HVAC site energy uses than hot and
mild climate locations due to the heating energy consumption for both the RTU-VAV
and the VRF HP systems. It was also found that the VRF HP models included between
14-39% annual HVAC site energy savings potential over the RTU-VAV models in 16
U.S. climate locations. After conversion to source energy use, annual HVAC source
energy savings were estimated to be between 2-32% for the VRF HP models. Comparing
annual HVAC cost savings as a percentage savings, the VRF HP models mostly showed
higher cost savings potential than the RTU-VAV models within hot and mild climates,
while the RTU-VAV models used less HVAC energy costs in several cold climate zones,
mainly due to the differences in electricity and gas consumption.
CHAPTER IV presented NZEB design with high energy-efficient HVAC
technology and an on-site renewable energy system in U.S. climate zones. VRF HP and
HR systems were considered in this chapter for HVAC equipment to minimize HVAC
electrical energy usages and produce on-site energy to offset the remaining source of
electrical energy consumption in the simulated building model. For the simulated office
building models, medium-sized office prototype building models, which complied with
the minimum energy code requirements prescribed in ASHRAE Standard 90.1-2013,
were used. For an on-site electricity generation, the distributed solar PV power systems
were directly connected to the building’s electrical operation system in the office building
model by assuming net-metering available to the electrical grid for the Net-Zero Site
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Energy building. Fifteen (15) U.S. representative locations identified in ASHRAE
Standard 90.1-2013 were used for this chapter to demonstrate the energy savings
potential of the VRF system from the RTU-VAV system.
From results in this chapter, it was observed that the VRF HR system could
provide energy savings potential to efficiently enable the NZEB performance when
compared to the VRF HP system. NZEBs with the VRF HR systems included between 315% of whole building site EUIs savings over the VRF HP models in fifteen (15) U.S.
climate locations. Energy savings potential of VRF HR models was contributed mostly
by heating and cooling parts of the whole building energy use, while energy usages of
other parts (e.g., lights, equipment, and a domestic hot water system) were slightly varied
by weather conditions. The NZEBs also showed between 79-102 kWh/m²-year and 82120 kWh/m²-year of site EUIs for the VRF HR and VRF HP models, respectively, in
fifteen (15) U.S climate locations. The VRF HR models could lower PV installation costs
6-15% when compared to the VRF HP models, while maintaining the similar net-zero
energy balances through net-metering for reaching NZEB goals.
Finally, CHAPTER V conducted life-cycle cost analysis (LCCA) of NZEBs in the
fifteen (15) U.S. climate zones identified in ASHRAE Standard 90.1-2013. For NZEB
design, this chapter directly adopted the NZEBs that are modeled and described in
CHAPTER IV. The Federal Energy Management Program (FEMP) approach of the U.S.
DOE was adopted to assess the long-term cost effectiveness of NZEBs with the VRF
systems by considering reduced building operation costs and other cost implications
throughout the service period.
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Results revealed that the LCC values of NZEBs could be varied primarily due to a
combined effect of annual site EUIs, on-site power generation, and cost-items of each
location. The trend of the comparative LCC values for NZEBs from the baseline could be
varied according to U.S. climate locations. For the VRF HR and HP systems, the LCC
values of NZEBs were considerably lower in some locations such as 2B, 3B, 4A, and 4B
with more than 14% of Net-Savings, compared to the baseline. However, some locations
such as 4C, 5A, 7, and 8 revealed negative effects on economic evaluation for NZEBs,
indicating that the LCC values of NZEBs were much higher than each designated
baseline. This outcome was due to cost savings potential of a building-related system and
a distributed PV system but also discrepancies of each cost-item under specific
circumstances in different climate locations.
It should be noted that VRF HR systems can be suitable for some hot and mild
climate locations in U.S. to efficiently enable NZEBs. However, appropriate
assumptions, such as the same study period, economic base data, and service data, need
to be carefully considered in early design stages because LCCA of NZEBs involves the
varied effects on economic performance under specific circumstances. In addition, such
LCC results from this study can help determine the relative cost-effectiveness of mutually
exclusive alternatives by accepting the alternative with the lower LCC of VRF models for
commercial NZEBs in various U.S. weather conditions. Possible future works should be
considered to extend the current scope of LCCA of NZEBs to include effects of various
types of building-related systems and environmental impacts.
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